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ABSTRACT
The Dynamics of Suspended Particles in a Seasonally Stratified Coastal Sea
Jaimie Cross
A comprehensive investigation into the relationship between physical forcing and sus-
pended particles in the shallow shelf region of the Western English Channel has been
conducted, in order to evaluate the temporal dynamics of suspended particle populations.
Measurements were taken across tidal cycles and seasons at station L4, part of the Western
Channel Observatory (WCO), using the combination of a free-fall microstructure profiler
and holographic imaging. Confirmation that L4 is weakly stratified is given, and that
the formation of the seasonal thermocline is substantially altered by the spring-neap cy-
cle. Stratification is variable and prone to periodic and partial erosion from atmospheric
forcing during any point in any season. L4 undergoes moderate turbulent dissipation,
principally as a result of tidal forcing. Typically, values of ε do not exceed 10−4 W kg−1.
L4 also exhibits tidal asymmetry, chiefly in response to stratification which, albeit weak,
is frequently able to suppress turbulence when generated from the sea bed. The potential
energy anomaly is small at L4, as expected for a weakly-stratified environment. Maxi-
mum values in summer were shown to not exceed 50 J m−3. Values of bed stress, τ0, are
rarely greater than around 0.18 N m−2. Nonetheless, the critical erosion threshold falls
below this, and is therefore smaller than that observed in similar locations around the
UK. Seasonality in the amount of material resuspended from the seabed is important at
L4. The presence of certain biological particles strongly influence particle size and may
also determine if a given particle is lifted from the bed. Particles ≥ 200µm are relatively
rare, the site is dominated by particles smaller than this value in line with many other UK
sites. Under certain conditions the theoretical maximum limit of particle size, the Kol-
mogorov length scale, does not hold and many examples of occasions when this threshold
is exceeded are shown. This may generate important consequences in subsequent work
undertaken at this site and other temperate shelf locations globally, particularly as these
results indicate that maximum particle size appears to be governed less by the size of the
local turbulent eddies and more by the presence of biological particles. This is another
key seasonal component to particle dynamics in the Western English Channel. Phyto-
v
plankton populations are readily advected into and out of the L4 site, calling into question
the current sampling strategy of the WCO to rely exclusively upon point measurements.
Small increases in atmospheric forcing have the ability to rapidly disperse patches of
phytoplankton, possibly to the point of cell mortality. Traditional sampling techniques for
assessing zooplankton density have been shown to radically underestimate the number of
animals present at L4, which will increase error estimates on current ecosystem models.
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Chapter 1
Introduction
Since the middle part of the last century, there has been considerable interest in the field
of turbulence and the role that plays in controlling the behaviour of suspended particles,
both biological and non-biological in origin, in shelf and coastal seas. In recent years, a
consensus has been reached; turbulence is critical in distributing a variety of substances
and properties through the water column, such as heat, salt, momentum and particles of
both inorganic and organic origin (Thorpe, 2005). The relationship between turbulence
and suspended particulate matter (SPM) has come under close scrutiny, due to the contri-
bution that SPM and its distribution has on influencing primary production and nutrient
cycling (Holt et al., 2012), the distribution of pollutants (Ono and Guo, 2012), and per-
haps most importantly with respect to biological particles, the extent to which carbon
dioxide is drawn down from the atmosphere and transferred to greater depths (Thomas
et al., 2004).
Shelf seas are regarded as important regions that mediate the cycling of particulates
and other seawater properties on a global scale, despite occupying a relatively small area
when compared to the expanse of the open ocean (Huthnance et al., 2009). In addition,
shelf and coastal environments support a large biological production area, and play a sig-
nificant role in local and national economies through fisheries and aquaculture (Jennings
et al., 1999). Shelf seas are also physically more dynamic than their open ocean counter-
parts, dissipating the majority of kinetic energy generated by the tide (Shapiro, 2011).
The production of turbulent kinetic energy in shelf seas is mainly driven by the tides,
particularly around the coast of the United Kingdom (Pingree, 1980). In areas that ex-
perience increased tidal activity, turbulent events will also increase. Additionally, local
enhancement of turbulence from the interaction of waves and wind with the upper ocean,
or surface mixed layer, can occur (Stanev et al., 2008). Examining the dynamics of sus-
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pended particles in coastal and shelf seas is fundamental if a more complete picture of the
impact that turbulence has on SPM is to be achieved.
SPM can include biological or non-biological particles, flocs and mineral-type grains
(Manning and Dyer, 1999; Bowers et al., 2007). The non-motile settling rate and scat-
tering characteristics of these particles depends on their size and shape, as small particles
sink slower and are better at scattering light and sound than larger ones (Hill, 1998). Tur-
bulence, be it generated close to the seabed, at the surface or by internal processes, has
a controlling influence on the movement and distribution of suspended particles (Fugate
and Friedrichs, 2003). It may act to keep non-motile plankton in suspension, re-suspend
sediment from the seabed and enhance flocculation by bringing particles together or, con-
versely, large flocs may be torn apart by more intense turbulent eddies (McCandliss et al.,
2002; Jago et al., 2006). Turbulence acts against stratification to mix nutrients across den-
sity gradients, and so turbulent patches within the seasonal thermocline may also be sites
of enhanced primary productivity (Sharples et al., 2001).
To better understand SPM dynamics it is important to identify an area that exhibits
the necessary characteristics of seasonal stratification, is actively turbulent, and replete
with particulates of both biological and non-biological origin. Of several locations that fit
this criteria around the United Kingdom, this research will focus on one site in particular.
Plymouth Marine Laboratory (PML), or other organisations that preceded it, have been
sampling the coastal waters in the Western English Channel for more than 100 years,
although breaks in the record exist for periods surrounding the First and Second World
Wars. Throughout this time, PML has identified and maintained several stations that
sit in a roughly linear transect extending between Plymouth and the coast of Brittany in
Northern France, although only two stations are regularly sampled (Figure 1.1). One of
the stations, L4, resides approximately 10 km south of Plymouth at 50.25o N 04.22o W.
The principal focus of these sites has been to explore long term changes in the bio-
logical ecosystem. Since the latter part of the 19th century, records of the measurement
of temperature and salinity in addition to phytoplankton abundance have been made, with
the following years seeing further additions to the sampling program in the form of nu-
trient data and counts of zooplankton (Fishwick, 2008). Whilst this activity has collected
a useful time series of data with respect to the biological and general environmental pa-
rameters of the ecosystem, it has been unable to provide any detail of the main physical
drivers here.
One of the challenges posed by this project is the extent to which the relationship be-
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Figure (1.1). The location of the L4 and E1 stations maintained by PML in the Western
English Channel
tween SPM and turbulence, across temporal scales related to the tide and seasons, might
be further realised. Recent comments from Osborn (2007) have highlighted the require-
ment of investigations of this type, specifically suggesting that our lack of knowledge on
the influence of turbulence on particulates will hinder progress within this field. Whilst
laboratory studies might to some extent provide an indication of how SPM and turbulence
interact, it is difficult to accurately represent turbulence artificially due to its inherently
random nature. Thus, it is in situ measurements that are needed, and inevitably a combi-
nation of existing technologies will be needed if the task is to be accomplished.
The suite of instrumentation used in this thesis to address this issue is unprecedented
in the literature. The unique coupling of holographic imaging and vertical microstruc-
ture measurements captures, for the first time, images of SPM concurrently with mea-
surements of turbulence. Further observations using Acoustic Doppler Current Profilers
(ADCPs), conductivity, temperature and depth (CTD) probes, and undulating instrument
platforms are all available to help build the very best collection of data possible. Access to
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the L4 site was provided principally by the PML vessel RV Plymouth Quest, which visits
the site on a weekly basis to collect water samples and take measurements in accordance
with the requirements of the WCO.
1.1 Aims and Objectives
In order to establish the relationship between SPM and turbulence at L4, it is necessary
to generate a dataset that encompasses changes to the water column across seasons and
tidal cycles. Detailed research is required on the impact that turbulence has upon SPM,
in an effort to improve our existing knowledge of the fate of both inorganic and organic
material.
The ubiquitous nature of turbulence in the marine environment requires accurate and
simultaneous measurement of turbulent activity, in addition to that of the SPM. This has
often not been possible for reasons of logistics or finance, whereby previous efforts to
examine this relationship have been frustrated by a failure to compare observations across
a longer period, or perhaps been forced to deploy equipment that may not be considered
suitable for the task (Fettweis et al., 2006). In light of this, this research has the follow-
ing two specific aims: (1) To provide a detailed examination of the main physical drivers
of change at L4, including quantification of the tidal dynamics, turbulent dissipation, the
evolution of stratification and energetics of the water column. Secondly, aim (2) is to
use this physical framework to investigate the explicit relationship between the physical
dynamics and suspended particles. Analysis of this relationship will then generate new
information on particle behaviour in shelf seas, through the exploration of changes across
tidal cycles and seasons, for both biological and non-biological particles.
In order to achieve aim (1), the following objectives must be realised:
• Utilise a combination of technologies to resolve the physical drivers of the water
column, including microstructure profilers and Acoustic Doppler Current Profilers
(ADCPs)
• To ensure that each measurement campaign encompasses a tidal cycle, with related
sampling activity occurring on both spring and neap tides
• Quantify the dissipation of turbulence brought about by tidal forcing
• Repeated surveys across seasons at L4 to ensure that the formation and breakdown
of the thermocline is captured
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The necessary objectives to successfully address aim (2) are:
• Quantify the biological and non-biological particulate populations at the L4 station
• Comprehensively investigate the interaction of biologically and non-biologically
derived SPM to further understand the influence (if any) upon each other
• To legitimise the use of new instrumentation by comparing to and testing it against
well established devices and techniques
• Establishing new techniques and bespoke processing tools for holographic data to
adequately capture changes imposed by physical forcing
Through these aims and objectives this work will contribute to our knowledge of the
role played by suspended particles in marine processes. Also, though not an exhaustive
list, the following principle questions regarding the interaction of turbulence and SPM at
L4 are addressed:
• What are the main drivers of physical change at L4?
• Does stratification moderate turbulent activity, and what are the largest values of
turbulence at this site?
• Is the turbulence sufficient to generate resuspension of material from the bed?
• To what extent does stratification inhibit the vertical transfer of suspended particles?
• Does turbulence impose an upper limit on particle size at L4?
• What are the dominant particle types?
• Are current mechanisms to assess particle density, distribution and type sufficient?
• How does the relationship between SPM and turbulence change across seasons?
The structure of this thesis is as follows: setting this work within the context of what
is already known and available in the literature will be addressed by Chapter 2. This chap-
ter will give an overview of the turbulent marine environment, and introduce suspended
particulates and what specifically is meant by the term. Chapter 3 contains a detailed
methodology of all of the measurement campaigns, and the rationale behind the strate-
gies employed. Here, an explanation of the instrumentation to be used on this project
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is included, as well as an overview of the 1-D modelling employed within this thesis.
Chapter 4 contains the results from the hydrodynamic measurements, providing the nec-
essary framework and context within which to discuss the particulate regime. Chapter
5 concentrates exclusively on the response of the non-biological particle fraction to the
physical drivers outlined, while the focus of Chapter 6 will be on biological particles,
namely phyto- and zooplankton. Interpreting the results of Chapters 4, 5 and 6 and plac-
ing them in context with existing knowledge of SPM in the marine environment will occur
in Chapter 7. Finally, a summary of the main findings of this research is detailed in Chap-
ter 8, along with suggestions for additional work that may be carried out in response to
the conclusions of this work.
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Chapter 2
Marine Turbulence and Suspended Particles - a
review
The study of turbulence in the marine environment is critical for a more complete under-
standing of the ocean environment. Turbulence has been defined as a key process in the
movement and transfer of properties such as heat and momentum, biological organisms,
pollutants and other suspended particulate matter (Thorpe, 2004). Due to the ubiquitous
nature of turbulence in the ocean, the extent to which turbulence has previously been
studied is well justified in the effort to comprehend the complex role it plays. There is
much in the literature detailing this complexity, and many reviews have been written that
concentrate upon the large number of aspects that drive turbulent activity and its influence
on the oceanic realm (e.g. Gargett 1989; Thorpe 2004). Great attention has often been
given to processes at the microstructure scale, though links to large-scale processes that
ultimately lead to activity at levels applicable to dissipation have been investigated more
recently, promoting the generation of a wide range of data, particularly in the open ocean
(e.g. Wunsch and Ferrari 2004; Martin and Rudnick 2007; Gerbi et al. 2008). Note, how-
ever, that the focus of this review shall be biased toward those processes directly affecting
or relating to activity in shelf or coastal regions.
Suspended particles in shelf and coastal seas comprise both biological and non-biological
matter. The formation of a seasonal thermocline here plays a critical role in the overall
ecosystem, particularly with respect to the cycling of nutrients and transport of material
(Allen et al., 2004). The dynamics of suspended particles are frequently regarded to be
governed by turbulent activity and the relationship of turbulence with the thermocline
(e.g. Hill 1998; Sharples 2008). It has been demonstrated that turbulent activity can be
suppressed by the presence of a thermocline, and equally a thermocline may be broken
down by turbulent mixing (van Haren et al., 2003; Gayen et al., 2010). Within this context,
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knowledge of how biological organisms interact with the environment, or perhaps greater
understanding of the rate at which inorganic material is cycled through such systems, has
led to the development of models, such as the European Regional Seas Ecosystem Model
(ERSEM) to assist in comprehending the impact of these regions on the wider marine
domain (Baretta et al., 1995; Baretta-Bekker et al., 1997).
This review shall attempt to draw together the existing knowledge of suspended par-
ticles and turbulence in shallow, coastal and shelf areas. This will include an introduction
to turbulence and current explanations for its existence. Discussions on wind driven and
wave enhanced turbulence will be included, and also that generated by tidal currents at the
bottom boundary layer (BBL). An overview of the instruments used to capture the inter-
action of turbulence with particulate matter follows, and will be discussed in line with the
efforts to record such activity visually via digital holographic imaging. This is followed
with a general overview of stratification, looking in greater detail at the influence of the
seasons in coastal regions and also the impact of tidal flow. The next section summarises
the equipment used in the measurement of microstructure turbulence, both in temperature
and shear. Additional comment will be given to the use of other equipment to provide
insight into the mechanics of current flow. Finally, a summary section will outline some
of the gaps in our knowledge concerning SPM in energetic shelf seas, and the degree to
which the work presented here shall be able to address them.
2.1 Ocean turbulence
Turbulence is typically born of two key scenarios: the loss of kinetic energy in the wa-
ter column through shear or the loss of potential energy through unstable stratification
(Burchard et al., 2008). However, providing a precise definition of turbulence, marine or
otherwise is not straightforward. As indicated by Ferziger (2005), there are several pre-
requisites needed before one is able to suggest that a turbulent event has occurred. These
might include characteristics such as three-dimensionality, unpredictability and random-
ness, but no real agreement exists within the literature, which in itself increases the com-
plexity of studying the problem (Thorpe, 2004). It is necessary to define what is meant
by turbulence within the shelf environment. The importance of turbulence cannot be un-
derstated, as it is the key mechanism by which kinetic energy is irreversibly lost when
transferred into heat through dissipation. This dissipation of turbulent kinetic energy
(TKE), occurs far more rapidly in turbulence than when the flow is laminar.
Principal sources of energy entering the ocean stem from those provided by wind
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(a) 
(b) 
Figure (2.1). Sketch of the difference between Laminar flow in (a) and turbulent flow in
(b). The arbitrary arrows depict the direction of the flow. Adapted from Colling (2004).
stress at the surface and tidal flow beneath. At the surface, turbulence is generated in
response to friction between the sea surface and wind, whilst at the seabed friction re-
sults from the flow of the current across with the bottom. Figure 2.1 depicts a cartoon
of the difference between two flow regimes, laminar and turbulent. The transfer of mo-
mentum, heat and salt will occur less readily when the flow is laminar, as a result of
molecular viscosity, with adjacent molecules of water acting as the agents of transfer.
More realistically, the water will exhibit turbulent properties which is illustrated by Fig-
ure 2.1(b). Here, ’packets’ of water are more readily moved and transferred, accelerating
the exchange of properties far more rapidly than that experienced under laminar flow. An
increased level of friction is experienced as a result of the eddying motion of the now
turbulent flow.
Turbulence may be numerically determined by analysis of the velocity field, and by
adopting the Cartesian coordinate system where the components of velocity are u, v and
w for the east, north and vertical velocities respectively. The fluctuating components of
velocity are illustrated by Figure 2.2, whereby
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u′ = u− U v′ = v − V w′ = w −W, (2.1)
and U , V and W represent the mean flow.
Figure (2.2). Illustration showing the fluctuating component of velocity, u′, which is found
by subtracting the instantaneous velocity, u from the mean flow of U . Adapted from Simp-
son and Sharples (2012)
The turbulent kinetic energy (TKE) per unit mass can then be defined by (e.g. Batch-
elor 1953; Simpson et al. 2005):
q2
2
=
(u′2 + v′2 + w′2)
2
. (2.2)
Turbulence is critical to the transfer of momentum in ocean environments, through which
internal stress is generated. In shelf seas, the consideration of stress in the eastward and
northward directions is of principal interest, and from these an estimate of the rate of
production of TKE, P , may be obtained, where
P = −ρ
(
u′w′
∂u
∂z
+ v′w′
∂v
∂z
)
. (2.3)
Here, ρ is density, with ∂u/∂z and ∂v/∂z representing the vertical shear, which when
present can introduce gradients in temperature, salinity and other water column proper-
ties including suspended particles. The components of velocity are routinely measured
through the use of Acoustic Doppler Current Profilers (ADCPs), which shall be explored
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in detail later, and it is through the use of equation (2.3) with the numerical values ob-
tained by ADCPs that an estimate of eddy viscosity, Nz, may be reached with:
τx
ρ
= Nz
∂u
∂z
= u′w′ and
τy
ρ
= Nz
∂v
∂z
= v′w′. (2.4)
The eastward and northward components of stress are τx and τy respectively. Eddy viscos-
ity is an estimate of the transfer of momentum of the fluid by turbulence, and may often
be problematic to obtain when using ADCPs alone. It is often preferable to utilise esti-
mates of the turbulence dissipation rate, ε, if possible, particularly when measurements
extend to the seabed and thus encompass the vertical extent of the bottom boundary layer
(BBL). The estimate of TKE dissipation is an important component of analysis in shelf
sea oceanography, as it allows for the level of turbulence and the consequent mixing to
be quantified (Stips, 2005). Strictly, ε should be defined in a similar way to the internal
stress components, and is summed over the x, y and z or u, v and w components as, again
following Batchelor (1953):
ε = ν
∂ui
∂xj
(
∂ui
∂xj
+
∂uj
∂xi
)
, (2.5)
where ν is the kinematic viscosity of seawater, which takes the value of about 10−6 m2s−1.
In reality, simultaneous measurements of velocity in each of these dimensions is not prac-
tical, and often the assumption of isotropy, that the properties of turbulence and its asso-
ciated gradients are the same in all directions, is used. This assumption is taken for all
estimates of dissipation throughout this thesis. Following this, dissipation can be simpli-
fied to:
ε = 7.5ν
(
∂u
∂z
)2
(2.6)
where it is the vertical shear profile that is measured by the velocity microstructure pro-
filer, with the overbar denoting an appropriate time-average.
2.1.1 Turbulent scales and the energy cascade
In an idea proposed by Kolmogorov (1941), energy is transferred in shelf seas and other
fluids from large to small scales in a series of interactions between turbulent eddies of an
ever-decreasing size, until viscous dissipation takes over and the transfer of fluid prop-
erties occurs at the molecular level. This transfer is illustrated by Figure 2.3. It is the
smallest scales of turbulence that is of most interest to this work, both in the measure-
ment and also with respect to observations of the controlling influence of turbulence on
suspended particle size. As energy is transferred from low to high wave numbers through
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Figure (2.3). Idealised energy spectra adapted from Heinz and Roekaerts (2001). Energy
is transferred from large eddies to smaller eddies until the point of viscous dissipation is
reached at the microscale wavenumber, kk, as illustrated by the arrows of decreasing size
at the top of the figure. Kolmogorov’s minus five thirds power law is also annotated in the
inertial sub-range.
the inertial sub-range, that is where k0  k  kk, the point at which viscosity becomes
important is reached (i.e. at point kk in Figure 2.3). Here, turbulence intensifies and ed-
dies decrease to their smallest size at the Kolmogorov length scale, lk, which is defined
as:
lk =
(
ν3
ε
)0.25
. (2.7)
This scale is examined in Chapter 5 during the assessment of non-planktonic particles, in
addition to being discussed further when exploring the current knowledge of the depen-
dence of particle size on the strength of turbulence. Primarily, however, the remainder
of this section shall deal with the processes that are generally considered responsible for
causing turbulent events in the shallow seas, and the degree to which these events might
vary according to depth.
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2.1.2 Wind and wave-driven turbulence
The upper layer of the ocean, sometimes referred to as the oceanic mixed layer (OML)
has been well documented as playing a key role in weather patterns and climate in gen-
eral (Gill, 1982; Gemmrich and Farmer, 1999; Kantha, 2005; Gerbi et al., 2008). Thus,
identifying the processes at work in distributing kinetic energy (and therefore heat) within
this region is of great interest. At the air-sea interface, there is a transfer of momentum
from the wind where the stress at the surface is given by:
τ = ρaCdaW
2
10 (2.8)
Where ρa is the density of air, Cda a surface drag coefficient and W10 a measurement
of the wind speed at 10 m above the sea surface. Frequently, this input of energy will
generate waves that break, and much of the energy of the wave is dissipated at this point
(Gemmrich and Polonichko, 1994; Thorpe, 1995; Soloviev and Lukas, 2003). However,
there is also an enhancement to TKE beneath the surface that is responsible for a measur-
able increase in ε (Soloviev and Lukas, 2003). This enhancement of TKE production can
further divide the upper layer of the ocean into three distinct regions, based upon the depth
at which this input of energy is diffused. The first is regarded as the injection layer, and
here it is likely that that rate of dissipation is at its maximum. This is followed by a level
at which the decay of turbulent eddies is high, and below this is a region where the influ-
ence of breaking waves is regarded as small compared to that of shear (Burchard et al.,
2008). The use of these discrete regimes was highlighted by Gemmrich and Polonichko
(1994), who indicated that much of the energy brought into the system by wave breaking
is dissipated at relatively shallow depths, and largely in the zero to seven metre range.
However, there is evidence for wave activity at the surface generating turbulence that can
extend throughout the water column. A recent study by Stanev et al. (2008) in the North
Sea demonstrated that atmospheric forcing impacted upon the seabed to the extent that
material was resuspended down to depths of around 20-25 m. Determining to what extent
these regions exist in a given water column has become an important part of attempts to
model turbulence in the near-surface layer, and it is clear that further work is necessary to
accurately parameterize these situations.
The relationship between wave-driven turbulence and the exchange of heat in the up-
per surface layer of the ocean was investigated by Gemmrich and Farmer (1999) in an
attempt to understand the role played by Langmuir Circulation, which is a type of cir-
culation produced by the interaction of sheared flow and waves (Thorpe, 2004). Whilst
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reporting the intuitive discovery that turbulence is enhanced during storm events, Gemm-
rich and Farmer (1999) were also successful in establishing that the transport of heat at
the surface occurs mainly as a result of turbulent diffusion, though it is advective pro-
cesses that dominate below depths greater than or equal to 0.5 m. Making the distinction
between turbulence and waves is often problematic, but rather than seeking an explicit
definition of the relationship between the two, the focus has often been on identifying the
strength and duration of turbulent events borne of wave-breaking. As indicated by Terray
et al. (1996), many measurements have been made in an attempt to more accurately esti-
mate ε close to the surface, yet such measurements are often made in periods of low wind
or even below the wave zone.
The difficulties encountered in achieving this was further highlighted recently by
Kudryavtsev et al. (2008) in their effort to more firmly establish the link between shear,
turbulence and wind through analysis of surface currents with drifter measurements. In
overcoming some of the inherent problems encountered within studies of this type, the
authors enjoyed relative success. This was demonstrated by the production of a semi-
empirical wave breaking model that was able to readily reproduce their observations and
emphasise that TKE production is enhanced by the breaking of surface waves. In further
illustrating the need to resolve all processes directly involved in modelling wave-induced
turbulence, Kudryavtsev et al. (2008) point out that simplistic models such as that pre-
sented by Craig and Banner (1994) are not sufficiently able to satisfactorily reproduce
observations.
2.1.3 Turbulence in the bottom boundary layer
In accordance with the original theory proposed by Ludwig Prandtl in 1904, albeit applied
to fluid flows in the atmosphere, shallow water near-bottom boundary layers exert a strong
influence upon turbulence and frictional forces may dominate to the extent of controlling
the dynamics of the entire water column (Souza and Friedrichs, 2005; Braithwaite et al.,
2012). In itself a complex environment, the bottom boundary layer (BBL) is often divided
into three distinct layers. Applying the divisions after Soulsby (1983) firstly at the sea bed
is a region only a few centimetres thick called the bed layer, where changes in turbulence
are influenced by molecular viscosity or bed roughness. Following this is the logarithmic
layer, a layer of a few metres in thickness which is not influenced by the bed or the main
flow. Thirdly sits the outer layer, and here the level of turbulence will depend largely
on the free stream velocity. These regions, and how they may change depending on the
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degree to which the water column is stratified, are illustrated in Figure 2.4. The relative
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Figure (2.4). Illustration of the division of the bottom boundary layer (BBL) into distinct
regions, after Soulsby (1983). (a) represents stronger flow where the extent of the BBL
reaches the surface, as hbl = h, where h is the water depth. (b) displays a situation where
hbl is limited to the depth of the free-stream velocity.
thickness of each of these layers will depend much upon the strength of the mean current
flow, U . Typically, velocity will increase from zero at the seabed to whatever value it
takes at the surface where the BBL inhabits the whole water column. Where the water
is deeper than the extent of the BBL, the upper limit is defined by the height of the free
stream flow, U∞. Under controlled conditions, the thickness of the BBL, hbl is usually
taken to be 0.99U∞. Analysis of this important region of the shelf has been recognised
as a necessity, not least in light of the role played by the BBL in influencing tidal flow,
sediment dynamics and the balance of momentum and energy in general (Doron et al.,
2001).
2.1.3.1 Stress at the seabed
The extent to which the tidal flow is influenced by friction at the seabed is important
to quantify, particularly when examining the transfer of frictional forces to higher levels
up the water column and investigating the potential for sedimentary resuspension events
(Soulsby, 1983). Stress at the seabed, τo, is related to the shear, or friction velocity u∗ by
an equation of the form
u∗ = (τo/ρ)0.5, (2.9)
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where ρ is the water density (Nikuradse, 1932). A variety of techniques can be used to
estimate friction velocity, with the most common being the profile method, which uses
measurements of the mean velocity, or the dissipation method, which uses measurements
of TKE dissipation. In order to use the former, it is necessary to locate the logarithmic
layer, meaning the region close to the bed where the mean velocity exhibits a logarithmic
profile, or
U =
u∗
κ
ln
Z
zo
(2.10)
where zo is a bottom roughness scale, Z is the height above the bed, and κ is von Ka´rma´n’s
constant, which throughout this analysis will take the value of 0.41. The profile method is
limited by whether it is possible to locate the logarithmic layer in a given set of measure-
ments. There have been many advocates of the use of the dissipation method as a reliable
and perhaps also improved alternative in calculating u∗ (e.g. Dewey and Crawford (1988)
and Sanford and Lien (1999)). This technique also allows for more freedom in the sense
that the requirement of a close correlation in the least squares fit between the measured
velocity and ln(Z) is no longer necessary, provided one possesses measurements of the
dissipation rate, ε. Assuming this is so, the friction velocity is estimated by
u∗ = (εκZ)1/3. (2.11)
Z here indicates a height above the bed of 1 m. Using the observations from an ADCP,
it is also possible to generate an estimate for the drag coefficient C100. Taking the current
measurements, U, again from a height of 1 m above the bed, and following the convention
of Sanford and Lien (1999), the drag coefficient may be calculated by the equation
C100 =
u2∗
U2100
. (2.12)
In order to obtain a bulk estimate of the bed stress, τ0, within this region the well known
quadratic friction law may be invoked as follows:
τ0 = ρcC100U
2 (2.13)
where ρc is the observed density at the point of the velocity measurement. An examination
of particle resuspension as a result of enhanced τ0 is made in Chapter Five. The remain-
ing terms introduced in this section are used throughout this thesis when examining the
influence of seasonal variability on stress at the bed.
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In finding that stratification was a strong limiting factor on BBL thickness, Weatherly
and Martin (1978) proposed a scale by which the thickness may be determined:
hbl = A
u∗
f
(1 +
N20
f 2
)−0.25 (2.14)
where A is an empirical constant taking the value of 1.3, N0 is a reference buoyancy
frequency, u∗ the friction velocity and f the Coriolis parameter. Thus, the height of the
BBL, hbl , is a function of the friction velocity (itself a function of ) and N2, the classical
balance between mixing and buoyancy. Thus, as determined by Weatherly and Martin
(1978), hbl should be many times smaller in the presence of stratification.
Both idealised test cases and field studies examining the response of a flat-bottomed
shelf sea, under the influence of an oscillatory tidal current, frequently identify stratifi-
cation as one of the factors governing the thickness of the BBL (e.g. Perlin et al., 2007;
Taylor and Sarkar, 2008; Gayen et al., 2010). However, the work of both Taylor and
Sarkar (2008) and Gayen et al. (2010), the idealised studies, acknowledge that the precise
mechanisms contributing to hbl are uncertain. In particular, Gayen et al. (2010) highlight
the difficulty of defining hbl over the course of a tidal cycle. This is largely attributed to
rapidly changing velocity profiles, and propose that the use of a contour of 10% of the
maximum TKE be used. A comparison of this suggestion, and that of the proposal by
Weatherly and Martin (1978) which is still commonly applied to field observations, may
be found in Chapter Four.
It can generally be regarded that the rate of dissipation of TKE is proportional to the
product of bottom stress (itself proportional to U2) and current flow U, thus ε ∝ U 3
(Bowden and Fairbairn, 1956). During a tidal cycle, it can be demonstrated that ε has a
periodicity that is twice that of the tide. The maximum rate of dissipation occurs at the
seabed at roughly the same time as the maximum flow, but there can often be a delay, or
lag, between this point and the time at which the maximum value of ε is recorded at the
sea surface (Simpson et al., 1996). The existence of a similar lag at L4 is investigated in
Chapter 4.
In the recent past, techniques to quantify turbulence near the bottom of the ocean
have relied upon acoustic techniques, or Laser Doppler Velocimetry (LDV) point mea-
surement systems, such as those employed by Agrawal and Aubrey (1992) and Lu and
Lueck (1999). The pursuit of improved ability to more accurately resolve the structure of
turbulence in this region led to the development of a new technique in oceanic measure-
ment, that of particle image velocimetry (PIV). Developed by Bertuccioli et al. (1999) and
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subsequently improved by Nimmo Smith et al. (2002, 2005), this system is able to im-
mediately provide the distribution of two velocity components in a given area by making
use of particles that occur naturally in the water column as tracers. Amongst the advan-
tages gained using this system is the separation of turbulent activity from that produced
by waves, which as indicted earlier is not straightforward. An additional benefit is the
ability to display visually measurements of eddy structure (as shown in Figure 2.5). The
obvious complexity of turbulence is highlighted by this figure, as is its inherently irregular
and variable nature.
Figure (2.5). Sample image taken from Nimmo Smith et al (2005) that illustrates the use
of a PIV system, and its ability to capture the distribution of two velocity components
The nature of the seabed itself, particularly with respect to bottom topography can
play an important role in the development of turbulent events. Often, there may be some
interdependence upon the local hydrodynamics and the level of suspended sediment. An
example of this is the damping effect upon the generation of turbulence that suspended
sediment concentration is able to exhibit, and the influence of turbulent events on the level
of suspended sediment in the water column (Souza et al., 2004).
There is little in the literature by way of available long term data of studies involved
with the BBL in the shelf region. However, a recent examination of coastal BBL processes
using PIV by Luznik et al. (2007) did manage to obtain data that included each phase of
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a tidal cycle at a range of depths. This study determined that turbulence is anisotropic
throughout all of the scales measured, and indeed the anisotropic conditions increased as
the bottom approached. One of the conclusions reached by this study is that this trend
is characteristic of the flow across the shelf region, a point that would benefit from fur-
ther examination should the experiment be repeated in other geographical locations. With
respect to the turbulent measurements displayed in this thesis, however, the assumption
of isotropy will be taken, as is common with all measurements using a free-falling ve-
locity microstructure profiler. Further discussion of this instrument and the parameters it
measures is given is Section 2.4.
2.2 Suspended particles in the marine environment
The importance of SPM in shallow shelf and coastal areas in directing the physical, chem-
ical and biological properties displayed by a given region is well documented. The nature
of the bathymetry (Van Kessel et al., 2011), the total amount of primary productivity (Fet-
tweis et al., 2006; van der Lee et al., 2009), and the controlling effect exhibited by SPM
on the light climate (Bowers et al., 2007; Maerz and Wirtz, 2009) are all examples of its
influence upon coastal systems. The particulate environment is composed of biological
and non-biological material, and can be derived from a number of sources. Over time,
particles suspended in the water column may sink, eventually falling to the seabed to be-
come part of the sediments that exist on the sea bed. Cohesive sediments, which often
enter the marine environment from a terrigenous source, are a prominent component of
particles around the coast of the United Kingdom where riverine input has an influence.
Additionally, sediments of this type may also be re-suspended from the seabed as a result
of tidally- generated turbulent flow. Biological matter can also be an important source
of sedimentary material. Knowledge of the rate at which SPM is transferred around the
shallow shelf and coast, the importance attached to different groups of particulates, and
examining how such groups affect the ecosystem, local environment and climate, will be
examined in detail in this section. For the purpose of the work conducted for this thesis,
the terms ‘non-biological’ and ‘biological’ are coined. Biological particles are regarded
as those emanating from the plankton, whilst non-biological, or perhaps non-planktonic
will represent clay-like sediments, mineral sand grains and flocs, although it is recognised
that the latter may comprise biological components.
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2.2.1 Non-planktonic particles
Predicting the transport, or rate at which particles are moved around a system has been
recognised as having economic as well as environmental importance (Manning and Dyer,
1999). Often, studies of this type have taken the stance of concentrating on sedimentary
processes rather than the interaction of individual particles that make up the total SPM
(e.g. Dyer et al. 1996; Manning and Dyer 1999; Winterwerp 2002). This is understand-
able when attempting to address questions relating to the rate at which sediment might
build up in a given location. When referring to particles in the water column that are non-
biological, or inorganic, it is common to refer to such matter collectively as flocculated,
that is, an aggregation of SPM that is likely to be considerably larger that the original
particles from which they were formed (Manning and Dyer, 1999). This flocculated ma-
terial is often composed of clay particles or silts which can sometimes give the sediment
that is ultimately generated a cohesive and mud-like quality. The nature of such cohesive
sediments can influence the rate at which they fall through the water column which is an
area of considerable interest to coastal and estuarine science (Dyer et al., 1996).
Inorganic matter exerts a stronger influence in coastal waters than in the open ocean,
where organic SPM tends to dominate (Bowers and Binding, 2006). An example of this
influence is the control that inorganic SPM exerts on the light climate, which has been
investigated in recent years, particularly since it has been shown that even at relatively
low concentrations suspended matter has the ability to reflect measurable quantities of
light back to the surface (Binding et al., 2005). The amount of light entering the ma-
rine environment will have a clear impact upon the ecosystem and primary production
in particular. The ability to quantitatively measure this impact, and perhaps record such
measurements through the remote sensing of SPM via satellite imagery appears to be an
achievable goal, particularly through the use of large-scale time series datasets such as
SeaWiFS. When considering the scattering of light, the flocculation of SPM is key as it is
the size of the particles that will have the greatest effect (Bowers and Binding, 2006). In
a coastal system, where clays, silts and sand particles are most likely to be found, floccu-
lation of SPM can be expected to occur more frequently. Leaving the fact that increased
turbulence through increased shear may subsequently reduce floc size to one side for the
moment, it is perhaps not surprising that the combination of these factors point to greater
knowledge of coastal and shallow shelf systems as being vital to the overall understanding
of the effect of SPM cycling.
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The influence of biology on inorganic material should not be under-estimated. Crit-
ical to the formation of flocs can be the presence of extracellular polymeric substances
(EPS), which are generated by micro-organisms and can bind particles together. The pro-
duction of EPS can vary with location, with the local environment, and most obviously
will depend on the amount of organisms present in the water column (Wolfstein and Stal,
2002). Often, the formation of flocculated material can be a balance between the level
of micro-organisms and inorganic particles present and turbulent activity. Further to this
is the reduced potential for particles to flocculate when in the presence of fresher water.
Flocculation is equally dependant upon the amount of electrical charge present on each
particle as it is the amount of EPS, in that an electrostatic charge attracts the face of clay
particles (negatively charged) and the edges (positively charged) (Masselink and Hughes,
2003). In freshwater, the stronger negative charge will preferentially repel the particles,
whereas seawater, which is a strong electrolyte, helps to overcome this natural tendency
and make the process of electrostatic attraction more probable.
The process of flocculation is complex, and studies that attempt to understand the
effects that inorganic SPM have upon coastal seas are ongoing. Frequently what is re-
quired are more data on the behaviour of flocculated material in situ, but as Manning and
Bass (2006) explain capturing this information can be problematic. Remote sensing from
space can perhaps assist in some respects, as discussed by Bowers and Binding (2006)
and Bowers et al. (2007), but this can still leave open the question of validating such
data against measurements on the ground. One solution may be to assess the behaviour
of non-biological matter by the recording of flocs digitally via holographic imaging sys-
tems. This non-invasive method is a recent addition to the suite of tools available to the
oceanographic researcher, and similar to its use for the particle statistics obtained in this
work, is likely to be utilised extensively in the next few years.
2.2.2 Biological particulates
The marine ecosystem is often regarded to depend heavily upon the microscopic organ-
isms that make up the plankton. This somewhat generic term applies to a number of
different groups of plants and animals, and includes a wide ranging array of organisms
that can exist within the plankton as species in their own right, or perhaps as other groups
at differing stages of a given life-cycle. It is necessary to make a distinction between
such groups, however, as much like the situation for inorganic particles, the dynamics of
biologically-derived SPM is complex. This distinction is made by simply determining if
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a planktonic organism is plant or animal. If it is a plant, it is a member of the phyto-
plankton; if it is an animal, a member of the zooplankton (Lalli and Parsons, 1997). The
term plankton itself is derived from the Greek word planktos, which means to wander, or
drift. Thus, in the absence of an ability to move freely against currents, the majority of
the plankton are subject to physical forces in the ocean environment.
2.2.2.1 The Phytoplankton
Only the phytoplankton are capable of photosynthesis and are thus autotrophic. Key to
the regulation of the climate and carbon cycle are some of the smallest members of the
phytoplankton, Cyanobacteria. Much attention has been given to open ocean species such
as Oscillatoria and Synechococcus, with this latter species also being found in the coastal
environment. However, this group of the phytoplankton are of a size that is below the
resolution limit of the holographic camera used for particle analysis in this thesis. As
such, the focus will be on larger examples. Within this larger group of plants, there are
around 4000 species, and two types tend to dominate (Miller, 2004). The first group are
the Diatoms, unicellular organisms that range in size from around 2µm to 1000µm. Some
Diatoms, according to Lalli and Parsons (1997), are capable of forming large chains or
aggregates of plants that are held together by a combination of spines and threads. This
mechanism is often regarded as one of several techniques that resist sinking, necessary in
diatoms as they possess no form of locomotion that would otherwise be required to keep
them close to the surface waters where sunlight is abundant.
The second of these groups is the dinoflagellates. The typical size range of most di-
noflagellates is 20µm to 200µm, falling within the category of microplankton, though
examples do exist of species that are within the nanoplankton, or 2µm to 20µm range.
Again, these organisms are unicellular, but unlike the diatoms only form chains in a few
examples of the type. The most distinguishing feature of this group that sets them apart
from the diatoms is the presence of at least two flagella, and thus the dinoflagellates are
capable of locomotion. A further distinction is that the dinoflagellates are not entirely
dependant on sunlight to supply their energy needs, in fact only around 50% of this group
contain chloroplasts, the structures that are necessary for photosynthesis to take place
(Miller, 2004). The other 50% are arguably considered zooplankton, given that they are
mixotrophic, and thus able to provide for their own energetic needs. It is the dinoflagel-
lates that are responsible for red tides, or more properly Harmful Algal Blooms (HABs),
that can frequently occur under favourable conditions across the globe and are often gen-
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Figure (2.6). The bloom-forming Coccolithophore Emiliania huxleyi captured via satellite
in the Western English Channel. This image is taken from the NERC Earth Observation
Data Acquisition and Analysis Service (NEODAAS)
erated on an annual basis at locations such as the Gulf of Maine (Keafer et al., 2005).
Some red tides can be harmless, but HABs are generated from species which produce
neurotoxins, collectively referred to as saxitoxins. Such HABs can affect the food chain
right up to the level of human consumption, with the obvious potential to negatively im-
pact local and national economies (Love et al., 2005).
Other, smaller groups of phytoplankton include the coccolithophorids, identifiable
from an external calcareous shell termed the cocclith and from which the group derives
its name. This group rest within the nanoplankton, as most species are below 20µm in
size. Bloom-forming species of coccolith exist, most notably Emiliania huxleyi, as shown
in Figure 2.6, but is not known to be harmful.
2.2.2.2 The Zooplankton
Following the distinction of the previous section, zooplankton are not plants but animals.
Once again they may be divided into a number of groups that can depend upon several
factors. Diet can often be used as an indicator of how zooplankton might be classified,
but it is perhaps more straightforward to separate zooplankton by the length of time that
is spent as being part of the plankton. The first group are termed holoplanktonic, and are
defined by the fact that they are permanently part of the plankton. Included within this
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group are the phyla Protozoa which contain the sub-groups, amongst others, foraminifera,
radiolarians and ciliates. Other phyla comprise of Cnidaria, which include several jellyfish
species, Annelida, Mollusca and the Arthropoda, of which belongs the Copepods, Mysids
and Amphipods so common to the coast of the United Kingdom in particular (Miller,
2004). Within these groups exists a huge and diverse range of size and species, and given
the many thousands of recorded species of zooplankton it would be impossible to single
out any group that possess a larger influence upon the coastal environment than any other.
Each member of the holoplankton are heterotrophic, and the herbivorous animals of this
group will use the phytoplankton as their primary source of energy. Omnivorous animals
will feed on other zooplankton as well as the phytoplankton, who are then preyed upon by
larger animals in the food chain, thus further emphasising their importance to the marine
ecosystem.
The second group within the zooplankton are called the meroplankton. In contrast
to the holoplankton, members of this group only temporarily exist within the plankton.
According to Lalli and Parsons (1997), some 70% of benthic or bottom-dwelling species
release embryos or eggs into their environment, and the larvae that ultimately result from
these join the plankton. The larvae will then spend a pre-determined amount of time
within the plankton before growing into their adult forms. Many of these juveniles and
larvae provide a critical food source for other members of the zooplankton and smaller
members of the nektonic, or freely swimming communities.
2.2.3 SPM and the global environment
Suspended particles are ever-present in coastal and shallow shelf seas. An important role
is played by non-planktonic SPM in processes that determine the movement of pollutants
and the transfer of carbon from the air-sea interface to the deeper ocean realm (Tsuno-
gai et al., 1999). Adsorption of pollutants such as heavy metals, radioactive material and
a host of contaminants released into the water column from anthropogenic sources by
non-planktonic SPM and cohesive sediments in particular is one example of this (Hatje
et al., 2003). Due to re-suspension of sediments, it can be common for contaminants to be
released back into the water column whereupon they can cause problems for the ecosys-
tem and the biological organisms that reside there. A recent study by Marin-Guirao et al.
(2005) demonstrated that precisely this sort of activity was the cause of much damage to
the seagrass community in the form of increased metal uptake following the introduction
of waste products from a nearby mining town. Due to the complex nature of this sea-
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grass ecosystem, an important source of primary productivity in the region, the effects
escalated up the food chain and severely impacted upon many other organisms. Clearly,
greater knowledge of the rate at which this adsorption may be influenced by the physical
domain would be an advantage, if efforts to reduce future damage to the marine environ-
ment from industrial activity are to succeed.
Perhaps more generally, although arguably more pressing, is the relationship between
SPM and the extent to which carbon dioxide is drawn down from the atmosphere and
into the deep ocean as part of the carbon cycle (Thomas et al., 2004). Whilst a general
overview of the carbon cycle may be found in any number of textbooks, it is the specific
activity of particulates and the recycling of carbon that is of interest here. Carbon diox-
ide readily enters the surface of the ocean due to its solubility in water. Phytoplankton,
via photosynthesis, will convert the inorganic, dissolved carbon present in the ocean as a
result of the transfer between the air-sea interface, to organic carbon. The organic carbon
now present in the phytoplankton is likely to be consumed by the higher trophic levels,
where it may be returned as dissolved carbon dioxide following respiration, or the sub-
sequent decomposition of deceased organisms by bacteria. What is not recycled in this
fashion may very well enter the deeper ocean, and from here benthic sediment. Once
again, as in the example of the contaminants, it is the rate at which this process occurs
that occupies much of the attention from researchers investigating this topic. Even less is
known about the extent to which the turbulent environment may interfere with this pro-
cess, and as such ensures that greater effort in quantifying this activity is necessary if this
aspect of the global carbon budget is to be solved.
2.3 Stratification and mixing in the turbulent
environment
The importance of shelf seas in influencing the cycling of SPM and regulating seawa-
ter properties such as temperature and salinity is well understood (Simpson and Bowers,
1981; Rippeth et al., 2005; Pietrzak et al., 2011). The importance of fully understanding
the role played by SPM in shelf seas is critical for a more complete understanding of the
biogeochemical cycling of Carbon and nutrients. Globally, shelf regions may be respon-
sible for as much as 40% of the net sequestration of Carbon, drawn down through the
atmosphere and pumped through shelf seas into the deeper ocean (Muller-Karger et al.,
2005).
Often, the tide can play an important role in these areas, as can seasonal stratification,
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which regularly competes with the tidally induced turbulence in establishing the level of
mixing that occurs in a given location. In general, the shelf sea region makes a significant
contribution to the exchange of nutrients and carbon dioxide, controlling the export of
both from the shelf to the open ocean (Burrows and Thorpe, 1999; Dale et al., 2006).
Shelf seas also account for the largest proportion of tidal energy dissipation of around 60-
70 % of the total, highlighting the importance of this region (Munk and Wunsch, 1998;
Rippeth, 2005). This section will introduce the key components involved in the balance
between mixing and stratification.
2.3.1 The complexity of shallow shelf regions
The typical structure of a shallow shelf sea environment is one of a balance between
heating from the sun, mixing from the tide and to a lesser extent the wind (Simpson,
1998). The cornerstone of the accurate analysis of shelf seas is to determine whether
measurements relate to an area that is mixed or stratified. Utilising the criterion outlined
by Simpson and Hunter (1974), it can be shown that offshore stratified and inshore mixed
waters are delineated by fronts, or regions of water with differing properties of tempera-
ture and/or salinity and is given by:
SH = log10
(
h
u3
)
(2.15)
where h is the water depth and u the depth mean current speed. An illustration of the
processes that control this competition between the input of buoyancy from solar heating
and mixing is shown in Figure 2.7.
The principal input of buoyancy into the shelf systems away from river influences is
from solar heating, where the total heat flux into the ocean, in units of W m−2 is given by:
Q = Qshortwave +Qlongwave +Qlatent +Qsensible, (2.16)
with the dominant terms Qshortwave acting to stabilise during periods of calm weather
and Qlatent acting to destabilise during inclement conditions, in particular when strong
winds are present. Heat transfer into and out of the ocean is important to quantify due to
the influence it has on water column density. Following Simpson and Sharples (2012), a
greater input of heat into the system, and thus buoyancy, will reduce density where the
rate that heat is input, ∆Q (J m−3), increases the temperature of the water as:
∆T =
∆Q
cpρ
(2.17)
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Figure (2.7). Illustration of the competing forces that input buoyancy and mixing into the
shelf environment, after Pietrzak et al. (2011)
where cp is the specific heat of water. This will further yield a positive buoyancy force, b
(N m−3), which is given by:
b = −g∆ρ = gαρ0∆T = gα∆Q
cp
. (2.18)
Here, α is the thermal expansion coefficient, g acceleration due to gravity and ρ0 a refer-
ence density. It is this supply of buoyancy which competes with the mixing introduced by
tidal and atmospheric forcing, in largely determining whether the water column becomes
stratified.
In addition to surface warming by solar insolation, shelf seas can also experience
changes to density brought about by the input of freshwater. This is likely to be the case
at L4, as has been suggested by Siddorn et al. (2003) and more recently by Smyth et al.
(2010), who identified events throughout the previous decade where river run-off from
the Tamar and Plym were cited as the reason for sharp reductions in density. However,
with discharge rates of the Tamar at around 5-140 m3 s−1 and the nearby Plym an order of
magnitude lower, it is uncertain to what extent freshwater reaches this site, and how the
water column structure will be changed as a result. Depending on the proximity of the
region to an estuary, it is possible that the shallow shelf could be considered a region of
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fresh water influence, or ROFI. Sharp horizontal density gradients may form as a result of
enhanced fresh water flow emanating from the estuary and overlying the denser seawater
(Simpson et al., 2002). Examples of ROFI are frequent throughout the shelf region and
include Liverpool Bay, San Francisco Bay, the Rhine river and York river estuaries (Fisher
et al., 2002). This addition of fresh water further complicates the case of stratification and
mixing.
When the region in question is sufficiently shallow and the influence from the tide
large, the subsequent level of turbulence is likely to be great enough to dominate and
overcome any stratification established from solar heating and freshwater input, gener-
ating a water column that is mixed. A common measure of stratification is that of the
buoyancy frequency, N, which is given by
N =
(
− g
ρ0
∂ρ
∂z
)1/2
, (2.19)
It is the ratio of the buoyancy frequency squared to that of shear that determines the
gradient Richardson number, shown as:
Rig =
N2
(∂u/∂z)2
, (2.20)
that so often dictates whether the potential for a turbulent mixing exists. Typically, if Ri
is less than 0.25 then the water column is likely to be mixing, above this value it is more
common for the water column to be stable. Tidal forcing is a key component of shelf
sea mixing, and much turbulence is generated by shear brought about by tidal currents
(Rippeth et al., 2001; Alford et al., 2006; Thorpe et al., 2008). Shear has a destructive and
irreversible effect on the water column as it can overcome stratification, with ramifications
for the constituent suspended particles.
2.3.2 Changes to shallow seas across seasons
Typically, the potential for stratification begins when the net heat flux into the upper ocean
becomed positive. Thus, it is during the summer months when the greatest levels of
stratification are observed, with the strongest values for shear often coinciding with the
location of the thermocline (van Haren, 2000). Stratification will decrease with time from
this point, as the seasons change into autumn and winter. Often, it is the combination of
mixing due to atmospheric cooling and the input of energy from wind that is sufficient
to change conditions from stable to mixed, and all of these types occur with increasing
frequency during the autumn period. The impact this has on the water column is shown
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Figure (2.8). Part of the long-term temperature record for the L4 station. The expected
change from well-mixed in winter, to stratified from early spring through to autumn can be
observed for each year. Inter-annual variability is also present.
from the plot of temperature for L4 (Figure 2.8), taken from data collected as part of the
long-term measurement programme of the WCO.
As noted by Mary et al. (2006), the L4 site is characterised by seasonal variation in
forcing from the atmosphere in addition to that generated by the tide, as well as exhibit-
ing successive annual blooms of phytoplankton in the spring, summer and autumn. The
long-term monitoring has been further complemented by short time-scale process based
studies, yet many of these tend to be biased toward the ecology of the site while ignor-
ing the potential to discover more about the physical parameters at work here, and by
extension shallow shelf seas in other temperate locations globally. The work of this the-
sis should reveal important information on how this site, in some respects dominated by
physical forcing and the associated turbulent environment, interact and adapt when the
stabilising influence of stratification begins to take hold.
2.4 Measurement of ocean turbulence
Despite the often daunting challenge of investigating turbulence in the ocean, the number
of investigations increased manyfold during much of the latter part of the 20th century
(Lueck et al., 2002). From the initial observations of Richardson and Stommel (1948)
grew the need to discover more about the parameters that drive this process, particularly
from the point of view of the military (Stewart and Grant, 1999). As our understand-
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ing begins to improve, so does the technological means by which turbulence might be
measured. This section shall give an overview of the instruments used in the measure-
ment of turbulence in the ocean, looking briefly and in general at what is required of an
instrument before giving greater focus upon microstructure and acoustic techniques. Ad-
ditionally, there is a brief comment on the dangers associated with instrument error, often
in the form of noise, and how this can often confound attempts to build a clear picture of
the environment under study.
2.4.1 Microstructure measurements
According to Osborn (1974), the study of mixing and turbulence in general can also be
regarded as the study of microstructure. Large gradients of velocity are generated by tur-
bulent eddies at very small scales which are typically less than 1 cm, ensuring that the
accurate measurement of these eddies is crucial in the attempt to establish the dissipation
of energy into heat (Thorpe, 2005). The measurement of microstructure, initially by in-
struments that were towed or moved horizontally through the water column, was advanced
by Tom Osborn in the early 1970s with the development of a microstructure profiler, a de-
vice which is able to produce a vertical profile of the rate at which TKE is dissipated.
Since this development, many more microstructure profilers have been developed, some
yielding greater success than others.
The essential components of a microstructure sensor (MSS) include a platform, upon
which are mounted probes that are relevant to the parameter under study and also the
necessary electrical components that filter, amplify and record the detected signal (Lueck
et al., 2002). Typically, an MSS will fall into one of three categories: towed platforms,
self-propelled vehicles and free-falling or rising vertical profilers. It is advantageous to
include probes that are able to record fluctuations in both temperature and shear. Simul-
taneous measurements of this kind provide greater information of the environment under
study and the properties that would be transported.
There has been few uses of the self-propelled vehicle type of MSS, more properly
called MSS platforms, although examples include that of Osborn et al. (1992), where a
submarine was utilised by mounting a tripod on its hull that contained an air-foil probe.
Here, limited success was achieved in observing enhanced rates of turbulent dissipation,
generating a dataset that corresponded to activity in the near-surface. Ultimately, the
project was frustrated by mechanical failure of the submarine itself, and perhaps is a
reason why such vehicles have failed to be utilised more frequently. More recently is the
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example of Thorpe et al. (2003), which, perhaps reflecting on some of the issues that arose
in the study of Osborn et al. (1992), made use of an autonomous underwater vehicle, or
AUV. Building on the success of using such a device by Millard et al. (1998), Thorpe
et al. (2003) were able to mount airfoil probes on the AUV and achieve excellent results
that clearly demonstrated the link between the rate of turbulence dissipation and waves,
bubble clouds, temperature and Langmuir circulation.
Initially, it seemed that the preferred equipment of choice for measuring microstruc-
ture would be towed platforms. During the early 1960s most work involving microstruc-
ture was carried out using this method, though interference from vibration of the platform
led to many researchers preferring the option of vertical profiling (Lueck et al., 2002).
However, many of these teething problems were overcome and towed platforms enjoyed
somewhat of a resurgence in the 1980s. This method was used to great effect by Mar-
morino et al. (1985, 1986), where in separate studies the authors established that this sys-
tem is just as valid as any other in attempting to explore the processes governing mixing
in the ocean. During the investigation of Marmorino et al. (1986), the problems expe-
rienced by previous studies were successfully defeated as the rate of loss of temperature
variance, χT , was calculated following an extensive towed sample of a Sargasso Sea front.
The importance of χT , in particular the information provided on turbulent motion from its
spatial variability, was highlighted during this study. Patches of variance were found to be
extensive in the region of the front, with many measured in the range of 10 m vertically,
whilst horizontally existing for many kilometres.
There have been a significant number of observations of microstructure involving the
use of a vertical MSS. Most MSSs of this type will be slim and cylindrical in nature, and
typically able to fall or rise freely through the water column using an array of sensors to
detect changes in the required parameters (shear, temperature, chlorophyll etc.) sited on
the nose of the cylinder as in the example of the TurboMAP (Wolk et al., 2002). The
MSS-90 is the device used for this work and illustrated in Figure 2.9. The literature is
replete with examples of the use of vertical MSSs, however some of the techniques and
circumstances of their application shall be considered here.
During the early 1980s, Oakey (1982) made use of a then newly designed MSS termed
the OCTUPROBE II (OCean TUrbulence PROBE). Including many of the features typical
of an MSS, this study was one of the first to explore whether dissipation rates could be
obtained from temperature microstructure measurements alone, and was also the study
that first estimated the mixing efficiency constant, Γ , and assigned it the value of 0.2. The
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Figure (2.9). The MSS-90, developed by ISW-Wassermesstechnik, being deployed on a
separate campaign in the Irish Sea. This vertical microstructure profiler is a multi-sensor
vehicle capable of resolving a host of parameters.
quantity Γ is an efficiency factor that relates the diffusion of turbulent eddies to the rate
at which kinetic energy is dissipated. It is a ratio of potential energy to kinetic energy
dissipation. This value is commonly in use and widely accepted. However, it is far from
certain whether or not this is correct particularly in the light of the evidence reported by
Lozovatsky et al. (2006), who questioned the use of Γ as a constant suggesting that is
should vary within an empirically defined range.
By the middle of the 1990s, many more MSSs were in use and it was during a study
undertaken by Moum et al. (1995) that a direct comparison between two different devices
was made. The devices were CHAMELEON, an MSS designed and constructed by Ore-
gon State University, and AMP (Advanced Microstructure Profiler) which was made and
designed by the Applied Physics Laboratory at the University of Washington. Despite
some differences between the two sets of data which were apportioned to natural variabil-
ity, the key distinction between these two instruments seemed to be that the greater level
of noise generated by the CHAMELEON device rendered it somewhat more difficult to
interpret the results. The devices were deployed during the Tropical Instability Wave Ex-
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periment (TIWE) and managed to obtain a multitude of vertical profiles over an extended
period, thus demonstrating the versatility and general robustness of the instruments. It is
this coupled with a high level of reliability that has made the MSS the tool of choice for
many oceanographers attempting to assess the rate of dissipation of kinetic energy.
For the MSS-90, the estimation of ε is performed in a step-wise fashion, firstly deriv-
ing the velocity shear (∂u/∂z), by using
∂u
∂z
=
1
2
√
2ρGSV 2
(∂U/∂t). (2.21)
Here U is the sensor output voltage (Volts), G the gain of the electronic sensor, S the
shear probe sensitivity (V ms2 kg-1), ρ the density of seawater (kg m-3) and V the profiler
velocity (m s-1). Upon which it becomes possible to calculate ε via equation 2.6.
2.4.2 Acoustic devices
An alternative to the MSS in estimating the rate of TKE dissipation is that of the Acoustic
Doppler Current Profiler (ADCP). This instrument works on the principal of the Doppler
shift to measure the speed of the current across the entire water column. Following the
example of Teledyne RDI (1996), the Doppler shift is given by:
Fd = 2Fs
(
Vd
C
)
(2.22)
Where Fsis the frequency of sound when there is no motion, Vd the velocity between the
sound source and receiver and C representing the speed of sound in seawater, which takes
an approximate value of 1560 m s−1. ADCPs both transmit and receive sound, hence the
doubling of the Doppler shift in (2.22).
An ADCP transmits sound at a predetermined frequency which is scattered by sus-
pended particles in the water column. The sound is returned back to the ADCP unit and
it is this that is ’read’ by means of a shifted frequency. The time taken for this shifted
frequency to be returned gives a measure of the range between the target particles and
the instrument, allowing for the calculation of current speed via equation 2.22, using the
assumption that the particles are moving at the same rate as the water. Of course, for
an ADCP to function it is necessary for the water column to contain particles in the first
instance. A typical ADCP unit is shown in Figure 2.10. These instruments offer great
flexibility in that they can be mounted on fixed buoys, moving vessels or simply placed
on the seabed.
ADCPs have been used with some success during the past few decades, and favourable
comparisons with MSSs have been made during studies that have utilised both pieces of
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Figure (2.10). Examples of ADCP units: in (a) a typical Workhorse ADCP and (b) being
deployed within a streamlined deep water buoy
equipment. Whilst examining the production of TKE for comparison with the dissipation,
Rippeth et al. (2003) were able to show a close ratio between the two that sat well within
the range of uncertainty that had been previously reported.
An alternative use of the ADCP was reported by Alford et al. (2006) during an inten-
sive survey of the influence of the baroclinic tides in Hawaii. In further demonstrating the
adaptability of the instrument, the authors here generated a comprehensive spatial map of
turbulence production. Each of the ADCPs used during the study were mounted upon a
submerged, towed body that allowed the instruments to be inclined at the required angle
in order to generate a more comprehensive survey of the bay in question. A similar de-
ployment is utilised for this work, albeit mounted on a platform that drifts as opposed to
being towed (see Figure 2.10b)
2.5 Measuring the interaction between SPM and turbulence
Following the initial investigations into the turbulent marine environment during the early
to middle part of the last century, great endeavour has been made in attempting to quantify
and predict the physical processes that drive turbulence. This is not without justification,
and a natural extension to this work has been to uncover the influence that turbulence
has on SPM, be that of biological or non-biological origin. Recently, Osborn (2007)
bemoaned the lack of studies directed toward planktonic organisms and turbulence given
the suite of instrumentation used to catalogue turbulent events. He proposed that the
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combination of, for example, holographic imaging equipment with that of PIV could
provide the necessary understanding to assist in comprehending the role played by the
physical environment on the ecology of such organisms.
With respect to non-biological SPM, or more specifically flocculated particles, infor-
mation regarding the composition of the seabed in terms of the material that resides there
is important. Additionally, further detail regarding the bottom topography will be neces-
sary, particularly if one wishes to investigate the processes at work in the bottom boundary
layer, in light of the potential for the generation of turbidity currents following sediment
resuspension (Parsons et al., 2007). With this in mind, the purpose of this section is to
highlight the advances made in the measurement of suspended particles, both through
imaging equipment and particle size distribution technology. To supplement this, added
focus on what will be required of future investigations exploring the relationship between
turbulence and SPM will be included.
2.5.1 Particle imaging instrumentation
Imaging of particles in the water column differs markedly from PIV, in that here it is the
particles themselves that are of interest, rather than detail regarding the distribution of
velocity. Much effort has gone into developing digital holographic imaging techniques,
or holography, and several authors have had a hand in the improvement of this method
(Owen and Zozulya, 2000; Watson et al., 2001; Malkiel et al., 2006; Sun et al., 2007).
Holography offers a number of advantages over other methods of observing particles. An
example of a holographic imaging system is illustrated by Figure 2.11.
Certain key advantages with holography include the ability to rapidly capture and store
images (including video), the lack of a requirement for lenses, and thus focusing (as the
images are reconstructed post-production), low power illumination and the inclusion of a
range of specialist techniques that would otherwise be unavailable using traditional pho-
tographic methods (Watson et al., 2005). Typically, an in-line holography (ILH) system
will be digital, whereas off-line holography, also known as off-axis holography (OAH), re-
mains film-based. ILH uses a single laser beam directed through a sample volume toward
a holographic plate, the hologram then records the portion of light that is diffracted by
the particles of interest, as information about the particles is effectively imprinted upon
the beam before propagating to recording apparatus, most commonly a charge-coupled
device (CCD) camera (Owen and Zozulya, 2000). The images are then stored on a hard
disk awaiting later reconstruction via a computer. In contrast, OAH makes use of a two-
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Figure (2.11). An example of an in-line holographic imaging system developed at the
University of Plymouth. Part (a) is a schematic of the main component parts of the sys-
tem, as labelled, with (b) showing the system bolted on to its deployment frame during a
measurement campaign. Adapted from Graham et al. (2012).
beam geometry and may be considered as a more flexible system, in that it is able to
record the image of a greater number of particles, albeit at a reduced resolution (Watson
et al., 2005). The two beams are employed differently, with one directly illuminating
the scene and the other illuminating the holographic film. The angle of the beam that
illuminates the holographic film is critical, and it is this that restricts the use of OAH to
that of non-digital means as most modern CCD cameras are unable to record images at a
practical resolution, save for the smallest angle of incidence.
The ability to reconstruct holograms numerically is one of the principal advantages
of using a digital holographic system. This is usually carried out using one of a num-
ber of transformation algorithms, developed or tailored to the requirements of the user
and processed using programmable software (Sun et al., 2002). Reconstruction simply
takes the two-dimensional image and produces a number of sections, or slices, in a plane
through the sample. The result is a sharply focused, high-resolution image that can be
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used to easily observe the original particles. An excellent example of the use of this tech-
nique was given by Malkiel et al. (2003) in an investigation that observed the swimming
trajectory of the copepod Diaptomus minutus. Video and still images were taken using
the methods described above, revealing characteristics of this species that had not been
previously observed. Further information on the density and propulsive force produced
by the swimming action of D.minutus were also reported. Success such as that demon-
strated by Malkiel et al. (2003) has not frequently been repeated, particularly with respect
to investigations involving species specific detail.
2.5.2 Assessing particle parameters
Critical for our understanding of the dynamics of suspended particles is information on
how particles of a given size are distributed throughout the water column, and also the rate
at which these particles move and settle. Previously, instruments have focused on measur-
ing the concentration of sediment by utilising optical or acoustic scattering, however these
methods have proven insufficient or limited with respect to the amount of useful informa-
tion they are able to provide (Agrawal and Pottsmith, 2000). When attempting to measure
inorganic flocculated particles, the fragile nature of the aggregates demands that this be
carried out in situ, due to the potential for any samples to be broken or destroyed upon
collection (Mikkelsen et al., 2005). With this in mind, a sensor for the measurement of
particle size distribution and settling velocity, the Laser in-situ Scattering and Transmis-
sometry (LISST) has been developed by Sequoia Scientific Incorporated (Agrawal and
Pottsmith, 2000), and has rapidly gained popularity among those involved in sediment
dynamics and transport.
As described in Agrawal and Pottsmith (2000), the LISST operates on the basis of the
laser diffraction principle, that is, the measurement of particles begins by the emission of
a laser beam. The beam meets a particle within the sample volume and is scattered in all
directions, creating a pattern of forward diffraction that represents the size of the particle
in question. The scattered energy will have a peak with a large angle for smaller particles
and a peak with a reduced angle for larger particles. The instrument contains a ring
detector, composed of 32 differently-sized rings that is able to measure the scattered light
across a number of angles. Each of these rings will correspond to a size-class of particle,
and upon applying a mathematical inversion the particle size distribution is revealed. A
critical assumption of this process, however, is that the measured particles are spherical.
This assumption is beginning to be examined in more detail, and has not always been
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demonstrated to be robust (Pedocchi and Garcia, 2006).
With respect to the settling velocity of suspended flocculated particles, the LISST has
been shown to be in reasonable agreement with data obtained using video to capture this
important variable. During observations of sediment concentrations in the coastal waters
off Denmark, Mikkelsen and Pejrup (2001) explained that this instrument can be used
to compute the mean settling velocity, and here the authors were also confident in the
values returned for the overall particle volume concentration and grain size. The many
advantages of the LISST, such as portability and the potential to record data in-situ for
long periods cannot be ignored, although whether future projects will have confidence in
a device that relies much upon large assumptions remains to be seen.
Contrasts between the LISST and other methods of assessing SPM dynamics are infre-
quent in the literature. A recent comparative study by Mikkelsen et al. (2005) highlights
that this is a necessary exercise to undertake, given the growing reliance upon the LISST
to inform our understanding of particle behaviour in coastal and estuarine waters. Here,
the authors presented evidence that suggested the LISST may have the tendency to over-
estimate particle size when examined against a digital camera simultaneously recording
flocs. With this in mind studies are required to explore this further, perhaps with the use
of in-line digital holography, given the flexibility offered by ILH and the convenience
that reconstruction of the recorded images post-sampling brings. More recently, the work
of Davies et al. (2012) and Graham et al. (2012) has shown that this instrument has the
capacity to alias the signal returned by the particles it detects. In certain cases, should a
particle in excess of the detectable range be observed it may actually be recorded as many
smaller particles. Whilst being recognised as something of a market-leader in studies of
SPM, it is unlikely that coastal researchers will remain satisfied with the performance of
the LISST in the long term, perhaps preferring to turn to techniques that allow for the
imaging of particles such as the system employed for this research.
2.5.3 Particle behaviour in turbulence
Digital ILH is a relatively new technology, and the potential for this method of imag-
ing has yet to be fully explored. The recent discussion by Osborn (2007) was quick to
highlight this, though biased toward particles of biological origin. This bias is perhaps
justifiable, however, given the importance of further understanding the role played by pri-
mary producers such as the motile spores of macroalga and phytoplankton (Heydt et al.,
2007).
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Turbulent environments affect all particles, so quantification of the dynamics of non-
biological material, particularly flocculated sediment is equally noteworthy. Despite this,
few attempts at documenting non-biological flocs using ILH has occurred. In demonstrat-
ing the applicability of this technology to the study of non-biological particulates, Sun
et al. (2002) utilised video ILH to observe erosion of sediments in the laboratory. This
work was the initial attempt at observing this process, and provided a useful insight into
the motion of re-suspended grains at the bed surface. No attempt has yet been made to
follow up this work or apply the findings to an in-situ study, possibly because of the diffi-
culties acknowledged by the authors with respect to sample volume and the reduction of
resolution for particles composed primarily of silts.
The lack of follow-up studies is perhaps indicative of this emerging field, though
given the importance of, for example, the resuspension of sediment from the sea bed dur-
ing episodes of turbulence it remains somewhat disappointing. As yet, there has been no
study that has attempted to capture an image of suspended particles during measured tur-
bulent activity in-situ, either biological or non-biological. It is clear that the combination
of technologies, such as those used in the measurement of turbulent events and digital
ILH, need to be simultaneously applied under conditions that realistically represent the
natural environment if the behaviour of suspended particles is going to be more readily
understood.
2.5.3.1 Turbulence and particle size
The theoretical limit to the maximum size that flocculated marine particles can achieve,
the Kolomogorov length scale, lk, has been demonstrated to exist both in situ and under
laboratory conditions (e.g. van der Lee et al., 2009; Verney et al., 2011; Braithwaite et al.,
2012). The length scale is given by equation 2.7 from section 2.1.1. Whether this limit
holds for all situations and conditions forms a key part of this work and will be explored
extensively in Chapter Five. lk can range from around 60µm in energetic coastal seas to
order cm in the open ocean (Thorpe, 2005). The lower end of this range is the size at
which water viscosity becomes important and also the point at which kinetic energy will
be dissipated as heat.
As described by Braithwaite et al. (2012), particles will be torn apart by turbulence
in the event they grow to the size of the smallest turbulent eddies. Given the frequency
with which this is tested and found to be accurate, it is unsurprising that the limit of lk is
presumed to apply for all scenarios. However, it is possible that many experiments testing
39
this relationship are performed using unsuitable instrumentation. Since the advent of the
LISST, researchers have perhaps had an over-reliance on technology that, as explained in
section 2.5.2, may be somewhat limited in accurately representing large particles. The
importance of having confidence in what is being measured has already been stressed.
With particle imaging, the ability to see particles and retrieve statistics of size and shape
is a considerable advantage.
Assumptions on particle size is not the only potential limitation on determining whether
this relationship exists. Work undertaken by Bowers et al. (2007) and van der Lee et al.
(2009) invoke lk as the principal reason for limiting the degree to which flocs will grow
throughout changing tidal cycles and seasons. Key to their findings is the assumption
that a particle will experience the full range of turbulence throughout the water column,
thus justifying the use of a depth-averaged value of turbulence under all scenarios. This
is unlikely to be realistic in shelf seas due to the complexity imposed on the flow regime
through the variable nature of the forcing of wind and tides. Whether such simplifica-
tions are valid for the L4 site, and the potential consequences that this holds for the SPM
population, will be examined in Chapters Four and Five respectively.
2.6 Conclusions
Very often the study of turbulence can lead to the provision of more questions than an-
swers. The problem is a complex one requiring perseverance in the attempt to build
successful, reliable predictive models of this aspect of oceanographic research. Work
continues in each of the domains that turbulence is known to influence activity: physical,
chemical and biological alike.
The drive to produce new and innovative instrumentation to catalogue the effects of
turbulence continues, and it is hoped that through the work that accompanies this inven-
tion greater insight may be yielded. Advanced turbulence measurement techniques such
as those involving ADCPs and MSSs are now well understood. The importance of un-
derstanding turbulence cannot be understated, such is its dominance as the process that
transfers momentum, heat and suspended particulate matter in the global oceans. The
drive to amass data on the influence of turbulence on the transfer and movement of these
properties, particularly over the long-term and across seasonal cycles, should remain a
key part of present and future work in this field.
The continued use of certain instruments to gather greater knowledge on SPM dy-
namics has also been questioned. When knowledge of the impact that turbulence has on
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SPM is required, there is no substitute for in situ measurements, and within these greater
confidence is required. Water sampling and other techniques that trap particles prior to
measuring their statistics have been shown to be insufficient due to the inherent damage
caused to the particles themselves. Traditional imaging techniques go some way to reduc-
ing this uncertainty, however logistically this can be somewhat demanding, leaving a gap
which holographic imaging is likely to fill. The advantages of measuring particles in this
way are considerable, with the ability to continually refer to the same image in order to
generate greater confidence in the description of the particle in question, it is no surprise
that coastal and open ocean researchers are turning to holography to gather new insight
into the cycle of particles of all types. The chapters that follow will attempt to address
some of the shortcomings highlighted in this review, in addition to providing fresh in-
formation on the relationship between the physical forces that dictate the movement and
transfer of SPM, and the particles themselves.
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Chapter 3
Methods
This chapter explores the way this project approaches the areas outlined in the aims and
objectives. This project, and the data collected and associated with it, is entirely field-
based. The decision to focus on in situ measurements is in line with recent calls from
within the literature highlighting the artificial nature of laboratory-based examinations of
turbulence in the marine environment (e.g. Osborn, 2007). A suite of instrumentation
has been employed to gather data from the L4 site in the Western English Channel, pri-
marily whilst aboard the Plymouth Marine Laboratory’s RV Plymouth Quest. A series
of measurement campaigns to take into account seasonal and tidal variation were con-
ducted, in order that a clearer picture of the dynamics of suspended particulates at this
site is obtained.
A comprehensive overview of the instruments deployed as part of this programme
follows, with a brief introduction into the detail of how each instrument functions. In
addition, the rationale behind how the water column is sampled will be explained. Further,
an introduction to the processing techniques utilised for this work is included.
3.1 Rationale
In order to quantitatively assess SPM behaviour in the turbulent environment, it is nec-
essary to conduct sampling of the water column within a Lagrangian reference frame, as
it is principally the response of individual populations of SPM that is of interest here.
Lagrangian measurements highlight the ultimate fate of a given parcel of water with time,
which is something that Eulerian measurements are unable to do. Once the fate of the
water is established, then it may be more likely that the constituent particles are also re-
solved in this way, given that much of the known transport pathways of SPM are driven
by turbulent flow (Burchard et al., 2008).
To properly characterise the properties of the water column at L4, each sampling cam-
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paign was conducted over a single tidal cycle. Whilst the mean currents associated with
the tide at L4 are not particularly strong at around 0.5 m s-1, tidal forcing is nevertheless
one of the principal drivers of turbulent events here and in the Western English Channel
generally (Fishwick, 2008). As such, a proper survey involving turbulence at L4 could
not be considered unless it took this factor into account. Having said this, for logistical
reasons it was not possible to extend each campaign beyond sampling across a 12 hour
tidal window. This addressed, for example, the effect that the onset of stratification has on
SPM and the extent to which turbulent events at L4 might be suppressed by the presence
of a thermocline.
To ensure that the same patch, or parcel of water was followed over time, a drifter-
drogue assembly was deployed at the survey site. The assembly comprises of a number
of surface floats attached by line to a Global Positioning System (GPS) drifter buoy, mon-
itored from an onboard computer with its track recorded for comparison with the data
collected from the other instruments used during post-processing. It was possible for fur-
ther instruments to be included within this assembly, for example ADCPs or Wirewalker
CTDs. A 10 m drogue, the top of which was sited at a depth of 3 m, ensured that the
assembly drifted with the mean flow. The vessel continually repositioned itself back to
the drifter assembly at the beginning of each hour prior to deploying each instrument,
allowing for the assessment and observation of the temporal evolution of a single water
mass.
3.1.1 Study site
Plymouth Marine Laboratory (PML), and other organisations that preceded it, have been
sampling the coastal waters in the Western English Channel for more than 100 years.
Throughout this time, PML has identified and maintained several stations that sit in a
roughly linear transect extending between Plymouth and the coast of Brittany in North-
ern France. One of the stations, L4, resides approximately 10 km south of Plymouth at
50.25o N 04.22o W at a water depth of 50 m (Figure 3.1). Long-term data exists for tem-
perature and salinity at L4, along with a wealth of information on phytoplankton and
zooplankton. With the proximity to the coast, and also to the outflow of freshwater from
the local rivers, the L4 site forms a central part of the Western Channel Observatory
(WCO). According to Siddorn et al. (2003) L4 is exposed to the freshwater outflow of
the River Tamar (ranges between 5-140 m3 s-1) and the River Plym (on average 1 m3 s-1).
L4 is a dynamic site, with the long-term data indicating that the site is well mixed during
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Figure (3.1). Map of the South West of the United Kingdom with exploded detailed section
noting the location of Station L4 and its proximity to the city of Plymouth
the winter, before the onset of stratification in spring that is maintained through to the
autumn months. The stratified water column has an average difference in temperature
of 2oC between the upper and lower layers (Fishwick, 2008). The site is characterised
by a dominant semi-diurnal tide experiencing a maximum range of over 5 m generating
currents over to 0.5 m s-1 at the surface. The inertial period at L4 is 15.6 hours.
The initial focus for this work was to conduct measurement campaigns across all sea-
sons, beginning with the onset of stratification in Spring 2010. In order that this period
was accurately captured, an assessment of the period upon which the L4 station was con-
sidered to be stratified across the previous eight years was carried out (Figure 3.2). Using
the L4 autonomous buoy dataset (freely available from the WCO website at
http://www.westernchannelobservatory.org.uk/data.php), and taking into account the me-
teorological conditions during the preceding months, three measurement campaigns util-
ising an array of instruments were undertaken on the 14th, 21st and 28th April 2010
aboard the RV Plymouth Quest. A further spring-neap survey in summer 2010 with a full
12 hr survey on the 28th July 2010 was undertaken, along with a shorter, 7 hr survey on
the 4th August 2010 reduced due to inclement weather conditions. The final survey was
carried out on the 22nd September 2010 assessing the changes to particle populations dur-
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Figure (3.2). Seven-year time-series of in situ temperature and salinity at L4, as measured
by a Seabird CTD via research vessel. Prominent inter-annual variability is observed, par-
ticularly within the salinity observations.
ing the autumn period. For the remainder of this thesis, each of these six campaigns will
be referred to as weeks 1 to 6 respectively. The measurement campaigns are summarised
by Table 3.1.
Table (3.1). Summary of the measurement campaigns undertaken for this work.
Survey date Week number Tides Duration (hours) Equipment Measured parameters
14th April 2010 Week 1 Springs 12 MSS, holocam, ADCP, CTD ε, Fluor., OBS, SPM
21st April 2010 Week 2 Neaps 12 MSS, holocam, ADCP, CTD ε, Fluor., OBS, SPM
28th April 2010 Week 3 Springs 12 MSS, holocam, ADCP, CTD ε, Fluor., OBS, SPM
28th July 2010 Week 4 Springs 12 MSS, holocam, ADCP, CTD ε, Fluor., OBS, SPM
4th August 2010 Week 5 Neaps 7 MSS, holocam, ADCP, CTD ε, Fluor., OBS, SPM
22nd September Week 6 Springs 11 MSS, holocam, ADCP, CTD ε, Fluor., OBS, SPM
The data displayed by Figure 3.2 was obtained by research vessel, whereby a typical
survey would deploy a CTD for a solitary cast within a 1km ’box’ around the site now per-
manently marked by the L4 buoy. Pronounced inter-annual variability can be observed,
particularly with respect to the salinity measurements where frequent and prolonged pe-
riods of reduced salinity are present. As noted by Smyth et al. (2010) when conducting
a similar analysis across the same period, these intrusions of water masses are often able
to extend to depths of 25-30 m, yet are not observed at lower depths implying that L4
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is influenced by inputs from a riverine source, most probably that of the River Tamar.
Precipitation is not thought to contribute to the marked periods of freshening following
a comparison by Smyth et al. (2010) to local rainfall using data from the meteorological
station at PML. There are potential problems with drawing suggestive conclusions from
this data, however. Figure 3.2 is generated from a somewhat coarse time series, where it
was not uncommon for a monthly average to consist of a single data point. The sampling
of L4 is frequently restricted to a single measurement on a weekly basis, and if conditions
at sea are poor then it may be impossible to collect any data for a given period. Further-
more, whilst the long-term sampling by the WCO yields useful data, it is limited, as we
gain no appreciation for how the resident particle populations interact with this physically
dynamic location.
3.1.2 Assessing the Lagrangian experiment
Quantifying the degree to which the same parcel of water is continually observed was
undertaken with a comparison between the track of the drifters and the current velocity
recorded by the attached ADCP. This comparison is restricted to depths below 20 m, the
depth at which the ADCP was positioned. Separation between the upper and lower layers
Figure (3.3). Comparison of the track of the drifter on velocity from a range of depths
as provided by the downward -facing ADCP. This plot uses data from the week 1 survey
conducted during spring tides, representing the maximum flow conditions that will be ex-
perienced here.
of the water column is evident in Figure 3.3, particularly so closer to the bed. Brought
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about by the presence of vertical shear, there remains the possibility that sources of water
outside of the sampling field will be advected into the observed water mass. This is fur-
ther explored in Chapter Four with Minibat data that can assess the potential for spatial
variability. Even at its greatest, though, at no point is the drifter (and therefore all obser-
vations) greater than a distance of 1 km from any interval. This raises the question of what
is meant by a single parcel of water, and by extension the particles that exist within it. For
the purpose of this thesis, the assumption will be taken that particle populations will not
differ markedly within the spatial scales identified by Figure 3.3. This assumption would
not be likely to hold if the purpose of the observations were to assess the rate of particle
flux through the operational window.
3.2 Instrumentation
3.2.1 Microstructure Sensor
The MSS-90 is a multi-parameter probe capable of measuring small-scale shear (and thus
estimate the dissipation of turbulent kinetic energy, ε), along with several other variables
simultaneously. A detailed specification of this device, its function and limitations ap-
pears in the appendix. All sensors were calibrated by ISW-Wassermesstechnik, with each
calbration certificate and coefficients available on request from the author.
MSS profiling measurements were obtained during multiple campaigns in the spring,
summer and autumn of 2010. During each deployment, the instrument was attached to
a motorised winch, ensuring that the requirement for such devices to be loosely tethered
to the ship is met, and in practice allows the device to freely fall through the water col-
umn. The MSS, along with the array of sensors including optical backscatter (OBS) and
fluorescence probes, surrounded by the probe guard, is shown in Figure 3.4.
Hourly profiles across tidal stations were taken within the Lagrangian reference frame,
whereby the ship was repositioned on the drifter assembly each hour. The instrument was
deployed by hand over the side of the ship and released, and is designed to make contact
with the seabed, thus allowing a more complete profile of turbulence to be obtained. The
number of profiles taken during each hourly station invariably range from 6-7. It has
been found during the processing that MSS measurements at depths close to the surface,
typically within the range of 0-5 m, can often be contaminated by a combination of surface
wave activity, the angle at which the instrument is deployed, and by the ship rolling. As
such, all measurements from this range were excluded from the analysis, as has also been
the case for other studies involving the use of microstructure sensors (e.g. Lozovatsky
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Figure (3.4). The MSS probe on board RV Plymouth Quest, awaiting deployment
et al. (2006)).
3.2.2 Holographic camera
Information regarding SPM in the turbulent environment was assessed, also with hourly
profiles, with in-line digital holographic camera, the holocam. The holocam system itself
is mounted on a steel frame, along with a conductivity, temperature and depth (CTD)
probe (Figure 3.5).
As described by Graham and Nimmo Smith (2010), the holographic camera houses its
optical system in two aluminium tubes. Each tube contains a camera or laser which emits
a beam, diffracted by objects as they pass through the sample volume that rests between
the two tubes. The distance between the tubes can be adjusted, and a nominal distance
of 80 mm between the tubes yields a sample volume of 1.6 cm3 with a pixel resolution of
4.4µm. The camera is a charged coupled device (CCD) with a resolution of 1024 X 1536
pixels, with each recorded image being around 1.5 MB in size. Using this configuration,
the range of particles that may be imaged is from 4.4µm to 6.5 mm. The recorded images
are stored in an internal hard-disk drive, and the system was set to record images at up to
5 Hz for each of the deployments in this work.
One of the key advantages of using ILH is the ability to numerically reconstruct each
hologram post-deployment. The depth of the recorded image may be sliced into an infinite
number planes, with each of the planes representing a point in space within the sample
volume (for more complete detail, refer to Graham and Nimmo Smith 2010). This allows
different parts, or sections of a given particle to be brought into focus depending on where
it resides in the sample volume. In practice, it is found that reconstructing an image with
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Figure (3.5). The holographic camera awaiting deployment
around 1 mm between planes is sufficient to generate a sharp and in-focus image, with
further analysis of each image being possible if required.
3.2.3 ADCP deployments
Within the drifter-drogue assembly, a 600 kHz Acoustic Doppler Current Profiler (ADCP)
was fixed within a neutrally-buoyant submersible at an approximate depth of 20 m (Figure
3.6).This ADCP sampled at 2 s intervals with a bin size of 0.5 m The device was fixed in
a downward-looking position and was able to resolve the level of current shear present.
In further determining the physical drivers present at L4, an additional 600 kHz bottom-
mounted ADCP was deployed for an extended period of two weeks during the summer
of 2010, sampling at 6 s intervals with a 0.5 m bin size.. This deployment assisted in
decoupling processes occurring across periods greater than a single tidal cycle.
3.2.4 The Minibat
The presence of spatial variability at L4 was assessed by way of deploying a further
instrument, the Minibat. The Minibat is a multiple instrumentation platform, capable of
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Figure (3.6). Sketch illustrating the deployment of the GPS drifter, drogued holey sock and
downward-facing ADCP. The labelled values are depths beneath the surface.
being towed through the water column at speeds of up to 5 m s-1, though in practice it was
found that the optimum towing speed was around 3 m s-1 (Figure 4.13).
The main function of the Minibat was to determine the structure of the water column
across a wide area. It was attached to the ship by a long line, through which the recorded
data is also transmitted. The platform is then set to ’fly’ through the water column in an
alternating ascent and descent pattern, ultimately providing a three-dimensional picture
of the temperature, salinity and density structure. It carries an AML CTD, housed inside
its frame, which is the principal means by which the water column structure may be
observed. Sections of open water around the L4 site can be sampled by towing the Minibat
in a bow-tie or grid pattern, centred on a particular location. Rapid processing of the data
recorded by the Minibat is achieved by utilising bespoke Matlab functions developed by
Plymouth University (PU).
3.3 Modelling techniques
To quantify the role of advection at this moored observatory, the General Ocean Turbu-
lence Model (GOTM) was employed. GOTM is used exclusively here to establish if the
presence of any observed variability can be attributed to vertical mixing introduced to
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Figure (3.7). The Minibat towed instrumentation platform. The AML CTD can be seen in
the centre of the frame to the rear, and additional OBS and Fluorometer sensors are attached
on each side.
this location from either winds or tide. Initial profiles of temperature and salinity from
the MSS observations were included, along with velocity from the ADCP attached to
the drifters. Tidal forcing was given by M2 and S2 constituents, calculated using the T-
tide package as described by Pawlowicz et al. (2002). Data for this was provided by a
bottom-mounted ADCP deployed in July and August 2010 for a period of two weeks.
Meteorological forcing was supplied by the data from the PU met station.
The calculation of the tidal constituents via the t-tide package is straightforward,
though is is necessary to explain here the precise mechanics of this operation. The time
series of the u and v components of velocity from the moored ADCP were used to gener-
ate the amplitude, phase, eccentricity and semi-major and minor axes. T-tide is a Matlab
function which takes classical harmonic analysis and converts it into a package of rou-
tines to deliver information on the dominant signals influencing the total tidal signature.
Knowledge of these signals is important in order to determine the phase and amplitude of
a given tidal wave.
In writing their package, Pawlowicz et al. (2002) draw from previously established
algorithms that calculate phase and amplitude from separate fits of sine and cosine waves.
Once determined, this information will then yield the required major constituents neces-
sary to satisfactorily force GOTM and produce a reasonable estimate of a typical tidal
scenario at L4. The calculated M2 and S2 constituents were found to account for much of
the variance of the velocity at L4 (Figure 3.8). The example shown here is taken from the
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period of the ADCP bedframe deployment (discussed further in the following chapter),
highlighting the broad agreement with an r2 value of 0.81. The departure from the 1:1
line in Figure 3.6 is due to the respective under- and over- estimate of velocity from the
model at the beginning and end of the time series.
Figure (3.8). Example of the agreement between modelled velocity using GOTM and
observations from an ADCP.
3.3.1 GOTM set-up
The 1-D response of the water column at the L4 station is simulated with GOTM across
the entire period spanning the in situ measurements. GOTM has been comprehensively
described in the literature along with the two-equation closure schemes on which it is
based (e.g. Burchard et al. 1999; Umlauf and Burchard (2003)). The model is principally
forced by tides and meteorological parameters including temperature, wind, irradiance,
cloud cover and relative humidity, and is designed so that the user may decide on a range
of closure schemes to suit the purpose of the study (Torres et al., 2006). This study invokes
the use of the k-ε type turbulence closure scheme with the coefficients of the second-order
model detailed in Cheng et al. (2002).
GOTM is used exclusively here to establish if the presence of any observed variability
can be attributed to vertical mixing introduced to this location from either winds or tide.
Generating a simplistic estimate of tidal velocity, as in the case of Figure 3.8, there is only
the requirement to include the tidal constituents as discussed above. When attempting to
recreate an accurate representation of the the thermohaline structure of the water column,
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however, it is necessary to force the model with observational data. Initial profiles of tem-
perature and salinity from the MSS observations were included, along with velocity from
the ADCP attached to the drifters. Tidal forcing was given by M2 and S2 constituents, cal-
culated using the t-tide harmonic analysis package described by Pawlowicz et al. (2002).
Meteorological forcing is again supplied by data from the PU met station. The model was
run for the entire survey period without further adjustment or relaxation to measurements
obtained from the surveys of weeks 2 and 3. Good overall agreement is obtained between
the observed current velocity and that modelled with the M2 and S2 constituents (Figure
3.8).
3.4 Data processing techniques
3.4.1 Meteorological parameters
For many of the surveys throughout this work, the permanent buoy marking the location
of the L4 site was off-line, therefore removing the possibility to use the measurements
obtained from it to assess the meteorological conditions. It is also unfortunate that the un-
derway system provided by RV Plymouth Quest malfunctioned, meaning that concurrent
in situ measurements were not available. As such, all meteorological analysis has utilised
a combination of the data provided by the PU met station and, where necessary, satellite
data to provide information on sea surface temperature (SST). General agreement exists
between the winds observed by the PU station and L4 buoy when the latter is functioning
normally. An exercise to establish the correlation between the two yielded an r2 value
of 0.79 for the brief period examined in July 2010. It is likely, however, that at least the
potential for differing wind conditions will exist across longer timescales, and as such the
examination of the impact of wind stress on turbulent mixing in the following chapters
may be considered as only a broad estimate.
3.4.2 MSS parameters
Accompanying the MSS is a graphical user-interface software package that allows for the
rapid processing of the raw data generated by the instrument, and again, further detail of
this can be found in the appendix. The calculation of a range of parameters is carried
out using well established techniques to derive velocity shear from the microstructure
probes (see Prandke 2005 and references therein). The estimation of ε is performed in
a step-wise fashion, firstly deriving the velocity shear by using equation 2.21. Follow-
ing the processing of the raw data, the individual measurements are then treated by a
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low-pass filter that acts to suppress high frequency noise. Throughout the turbulence
measurements in this thesis, an order-3 Butterworth filter is applied to the shear signal in
the forward and backward direction, so as to reduce potential contamination from phase
distortion. Previous work with this model of MSS has demonstrated that the choice of
this filter is adequate under most circumstances in a number of environments where it has
been deployed (Prandke, 2009 - pers. comm.). Data collected above 5 m and the period
immediately after the instrument hits the bed are also removed.
The raw signal is processed by applying a 1024-point FFT, which generates a spectra
upon which a fit to the wavenumber range of 4-20 cpm is conducted, for it is within this
range that the shear probes of the MSS are able to fully resolve the turbulence spectrum
(Prandke, 2009). Once the velocity shear is fully derived, the second step is to apply
equation 2.6 to determine the estimate of ε.
3.4.3 Processing holographic data
Many of the techniques for processing the raw holographic data have been produced at
Plymouth University within the Particle Imaging Group (PIG). Several iterations of the
techniques have led to the preferred, or optimal reconstruction of the data obtained for
this work, and are detailed here.
3.4.3.1 Applying the holocam
An illustration of how the holographic camera is used to assess how the particulate en-
vironment can be altered by physical forcing is displayed in Figure 3.9. Plot (a) here
shows the total particle concentration as observed by the holocam for a survey conducted
during week 1, along with two plots generated from the MSS data of fluorescence (b)
and optical back scatter (OBS), (c). Whilst an appreciation that the holocam can ’see’
SPM throughout the water column is gained, with further analysis it becomes possible to
detect the precise nature of the component parts of each population. The first step of this
analysis is to locate the raw holograms that relate to the region of the water column that
is of interest. Remaining with the example displayed in Figure 3.9, this has been done
for two such regions (see parts (d) and (e)), further highlighted by the coloured arrows.
The upper image (d) has been selected from the region of water apparently dominated by
a larger population of particles with a higher concentration of fluorescence. The lower
image (e) was captured at a point several metres below that of the upper image, within the
centre of the pycnocline. From these two examples, the initial impression is that the im-
age from the pycnocline contains far fewer particles than does its shallower counterpart,
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with the pycnocline therefore seemingly acting as a barrier to the downward migration
of the particles present here, an observation that will be further tested in the following
Chapter. However, simple reference to the raw hologram is insufficient to establish the
true nature of the population demographic with any accuracy. The raw holograms are
therefore numerically reconstructed, and it is here that the true power of the holocam can
be appreciated. Parts (f) to (g) in Figure 3.9 in turn reveal a sharp and in-focus image
of each of the particles highlighted in red following such a reconstruction, leaving the
observer in no doubt as to the type of particle found at this depth interval, even down to
the species level.
Skeletonema 
….spp. 
Chaetoceros 
….spp. 
Guinardia     
---striata 
(f) 
(g) 
(h) 
(d) 
(e) 
(a) 
(b) 
(c) 
Figure (3.9). Illustration of the initial particle analysis using both the holocam and MSS.
Part (a) shows the total particle volume concentration, (b) and (c) the response from the
fluorometry and OBS sensors. Parts (d) to (h) represent a step-wise view of selecting raw
holograms prior to numerical reconstruction in order to establish the type of particle present
in the area of interest. The scale bars in (f) to (h) are 200µm.
The techniques described here to evaluate the biological response to turbulent events
are, of course, not restricted to plankton. It is also within the means of this instrumenta-
tion to make a similar assessment of non-biological particles, clay-like flocs or mineral
grains. Again being guided by the MSS, this has been done for the region of the water
column in plot (c) of Figure 3.10 that displays an enhanced area of response to the OBS
sensor, used here as a relative measure of the presence of SPM seemingly in response to
increased turbulence brought about by the interaction of the tide with the seabed. This
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will be quantified in the sections that follow. In repeating parts (a), (b) and (c) of Fig-
ure 3.9, Figure 3.10 displays different raw, unreconstructed images taken from the region
illustrated by the arrows of this figure. Repeating the exercise, reconstruction of the re-
gions identified by the red boxes again yield the in-focus particles present at this point of
the cast. Clearly, now, one is able to observe that particles of a very different nature and
population occur here, in this apparent resuspension event brought about by the tidally
induced turbulence.
(f) 
(g) 
(h) 
(d) 
(e) 
(a) 
(b) 
(c) 
(i) 
Figure (3.10). Further illustration of the initial particle analysis using both the holocam
and MSS. Again, part (a) shows the total particle volume concentration, with (b) and (c)
the response from the fluorometry and OBS sensors. Parts (d) to (i) represent the step-wise
view of selecting raw holograms prior to numerical reconstruction in order to establish the
type of particle present in the area of interest. The scale bars in (f) to (i) are 100µm.
3.4.3.2 Treatment of the raw holograms
Following the deployment of the instrument, the data from each cast is stored locally
within the logger that is part of the holocam system. Due to the constraints of time during
the surveys, it is not practical to copy the data from the logger at sea so this is achieved
post-deployment. For a typical configuration of the holocam, holograms can be taken at
the rate of 5 Hz, so with a depth of around 50 m in the case of the L4 site, this will result
in the collection of close to 800 raw images with a nominal lowering speed of around
0.3-0.4 m s−1. At 1.5 MB per image, each cast will therefore yield in the order of 1.2 GB
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of data.
The PU grid-computing system is employed when needing to rapidly process large
numbers of images. This facility utilises the large number of personal computers avail-
able to the staff and students. When idle and not working for the local user of each ma-
chine, the computer is commandeered remotely and used to numerically reconstruct each
hologram, performing additional computations to yield statistics regarding the particulate
environment.
Numerical reconstruction of each image is as described by Graham and Nimmo Smith
(2010), though a brief synopsis is given here for clarity. The 2-D interference pattern that
is the raw hologram is filtered ahead of producing an in-focus image of an (x,y) slice, at
a depth (z) through the total sample volume. Typically, these slices will be in increments
of 1 mm so, in the case of the collect data for this work, there will be a total of 80 slices
for a sample volume with a depth of 80 mm. However, only a 1024 x 1024 pixel section
or region of interest (ROI) of the original, raw image is used to generate the necessary
particle statistics. This is to ensure that computational efficiency is maintained at all
times.
The lower limit of resolution is provided by the calculation of Malkiel et al. (1999),
whereby
ds =
√
Zλ
100
. (3.1)
Here, Z is the depth normal to the surface of the hologram and λ is the wavelength at
which the hologram records, which for all deployments of the holocam in this work is
532 nm. The actual resolution limit of the holocam is 10µm, and this difference arises as
a result of the need to separate the recording of the interference pattern for an individual
particle from background noise. This practical lower limit may therefore change if the
configuration of the holocam deployment is altered. The lower limit of resolution for
this system allows the user to accurately resolve particle statistics for particles that are
≥ 22µm.
The automated reconstruction relies upon a focusing metric to capture the plain of
maximal focus within each reconstructed slice. Once identified, a given particle will un-
dergo a process of segmentation and edge-detection whereby information regarding its
size and shape is retrieved. Whilst this automated method is not able to differentiate be-
tween particle type, the following section will demonstrate that separation of particles into
defined populations is possible using the holographic data. In the natural environment,
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particles are often of a multitude of complex shapes, particularly at the L4 site which
is dominated by phytoplankters but also has a substantial population of non-planktonic
particles. This additional layer of complexity makes relying upon the automated method
alone impossible when describing the dynamics of all particle types.
3.4.3.3 Particle enumeration software
Further to the processing of the raw holograms, additional techniques were employed
to determine the nature of particle populations, how they may be altered by changes to
their physical environment and also where the actual number of particles within such
populations are shown to vary. Prior to this work, such enumeration of SPM has not
been possible in situ. A simple, graphical user interface was designed in Matlab which
took both a flattened, reconstructed image of the whole 1024 x 1024 ROI in addition to
the same raw, unreconstructed hologram as inputs, as illustrated in Figure 3.7. Blocks
Figure (3.11). Illustration of the particle counting GUI created in Matlab and developed as
part of this thesis
of images are collated within 5 m intervals or bins. The mean number of particles per
unit volume was then calculated along with the standard error of that mean, as it is the
uncertainty surrounding the mean measurement that is of interest, rather than the scatter
of the given particle population where the standard deviation would be more appropriate
(Altman and Bland, 2005).
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Throughout this thesis, three populations of particle are considered. These fall into
the categories of ‘phytoplankton’, ‘zooplankton’ or ‘non-plankton/non-biological’ which
nominally contains mineral grains, aggregates and sedimentary flocs. In accordance with
the sizes captured by a WP-2 plankton net, and also that L4 is dominated by chain-forming
diatoms that can reach several mm in size, all particles ≥ 200µm were counted to assess
if variability exists across tidal cycles within such populations. However, the biological
populations will be assessed in Chapter 6.
3.4.3.4 Automated and manual counts compared
During post-processing, holocam data can be rapidly analysed using an automated tech-
nique which delivers raw particle counts and a suite of statistics concerning each particle.
At present, there is no available technique to separate the particles into populations in
an automated way, the only mechanism in which any confidence can be taken is via the
manual method described above.
In order to establish the extent to which confidence can be taken in the automated
method, a comparison was undertaken between the manual counting technique and the
numerical reconstruction. Data from three casts of week 3 were used for this exercise,
Figure (3.12). Example of the comparison between the number of particles observed in
each image from the automated reconstruction and the manual method. Each histogram
represents a single cast from week 3, where (a) is the cast of survey hour 4, (b) hour 8 and
(c) hour 11 respectively. See the text for further explanation.
with the results displayed in Figure 3.12. The agreement between the techniques is dis-
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played in terms of a percentage frequency, whereby the value of zero indicates that for
that image, the number of particles identified equal that which the automated method
has found. Throughout this exercise, it is only those particles that are ≥ 200µm that are
considered. The positive values for each plot indicate the images where the manual tech-
nique has identified a greater number of particles than the reconstruction, and the negative
values vice versa.
For each of the casts displayed, precise agreement between the methods is reached
around ∼ 35% of the time. This result is promising, and further encouragement is given
when allowing for a tolerance of a single particle in either the positive or negative di-
rections. That is, for the manual user to identify one particle more than the automated
system, or one fewer. For plot (a), the allowance of such a tolerance accounts for slightly
less than 75% of all particles, fractionally more for plot (b) and 73% for plot (c). This is,
of course, using the assumption that the manual counts are definitively accurate, though
this is feasible as the manual method has been performed twice, with near-identical re-
sults obtained on both occasions. Increasing this tolerance to two particles will account
for ≥ 90% of all particles for each of the examples shown in Figure 3.12.
It is unreasonable to expect the reconstruction technique to capture each particle that
a manual method observes. This technique, described fully in Graham and Nimmo Smith
(2010), effectively selects each particle, which then undergoes segmentation prior to edge
detection that creates a boundary around the outer limit of the object. It is this process of
segmentation that can occasionally result in the fragmentation of a particle, splitting the
object into smaller parts so that the automated method is forced to count a higher number
of particles than exist in reality. This can, of course, work in opposite as a particle that is
close in size to the selected minimum threshold of interest can undergo fragmentation, and
the smaller ‘particles’ that are the result are effectively removed from the analysis. This
is, therefore, the explanation why there are examples of images where the two methods
occasionally disagree to an apparently large degree.
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Chapter 4
Examining the Physical Environment at L4
This chapter explores the physical regime of L4, where the purpose is to highlight the
dominant processes that impact upon suspended particle activity. The focus will be on
the thickness of the bottom boundary layer (BBL), and how this thickness may be altered
depending upon the mechanisms acting for its generation. The thickness of the BBL
can signify the degree to which properties of heat, salt, momentum and particles may be
dispersed throughout the water column, and the relationship between the BBL and strati-
fication is important to quantify if a proper assessment of suspended particle dynamics is
to be obtained. Further, in the absence of any extensive measurements of this type at L4,
the extent to which this station conforms to the theoretical knowledge of the classically
driven shelf system will be explored.
The chapter focuses in detail on the three surveys of April 2010, carried out across a
spring-neap-spring cycle with the aim of capturing changes induced by tidal activity at a
time when particulate activity is high. This is followed by analysis of the contrast brought
about by the change in stratification through summer and autumn. For broader context, an
assessment of the properties of the mean flow at L4 is conducted via the deployment of the
bed mounted ADCP during a two-week period from the 28th July to 11th August 2010.
Following this will be analysis of each of the measurement campaigns. An exploration of
the energetics of the water column is conducted by way of classifying the potential energy
anomaly at L4 using the method adopted by Simpson et al. (1990) and Cheng et al. (2010).
In further quantifying of the temporal dynamics of the water column and the frequently
changing picture of stratification, the one-dimensional (1-D) General Ocean Turbulence
Model (GOTM) is employed to assess the potential for advective forces to play a role in
shaping the thermohaline structure.
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4.1 Analysis of the mean flow at L4
The property that is of most interest in accurate interpretation of the physical shelf sea
environment is the mean or net flow. Generally the circulation in these regions is oscil-
latory in nature, being imposed by the tide (Simpson and Sharples, 2012). Transport of
water column properties and the ultimate fate of suspended particles will depend upon the
mean flow, thus in the context of this thesis it is important to quantify. Using data from a
bed-mounted 600 kHz ADCP deployed during a two-week period in Summer 2010, it is
possible to ascertain the net movement of water at L4. The instrument was sampling at
6 s intervals with a bin size of 1 m.
To determine the net, or residual component of the flow, the tidal signal must first be
removed. The data was low-pass filtered with a 0.75 cycles day−1 (cpd) cut-off, yielding
the values displayed in Figure 4.1. As anticipated for this site, the dominant flow is along
the west-east u axis, with values of this component frequently approaching 0.1 m s−1 and
directed predominantly to the west. North-south, or flow in the v direction is broadly 50%
weaker, predominantly directed to the north.
The deployment period is short, and likely to be impacted by rapid changes to the me-
teorological conditions that are occasionally observed. Periods of increased wind forcing
are experienced during this deployment, which could influence the direction of the resid-
ual flow (e.g. see later Figure 4.15). The example of the week 5 observations on the 4th
August and the days preceeding demonstrate this whereby the wind was directed from the
south, likely influencing the direction of the net flow which is pushed to the north at this
time. Whilst this values offer an indication of the residual flow at this site, it is clear that
a future deployment of greater duration would benefit all users of L4.
4.2 Spring 2010
4.2.1 Background meteorological data
Placing the surveys during April 2010 in context, Figure 4.2 displays meteorological ob-
servations throughout this month. The PU meteorological station provided the observed
wind stress, τ , rainfall and air temperature. Winds were light throughout April 2010, dur-
ing the survey period yielding a maximum value for τ of 0.2 N m−2 between weeks 1 and
2. The wind stress presented in plot (a) indicates that the potential for wind stirring, and
therefore enhanced episodes of turbulent events at the surface, was reduced, particularly
during the dates of the measurement campaigns. Similarly, the level of precipitation was
64
Fi
gu
re
(4
.1
).
M
ea
n
flo
w
at
L
4
du
ri
ng
th
e
be
df
ra
m
e
de
pl
oy
m
en
t.
Pl
ot
s
(a
)
an
d
(c
)
sh
ow
th
e
re
si
du
al
ve
lo
ci
ty
in
th
e
u
an
d
v
di
re
ct
io
ns
re
sp
ec
tiv
el
y.
T
he
de
pt
h-
av
er
ag
ed
ve
lo
ci
ty
va
lu
es
fo
re
ac
h
co
m
po
ne
nt
ar
e
di
sp
la
ye
d
in
(b
)a
nd
(d
).
65
00.01
0.02
0.03
0.04
τ 
(N
 m
−
2 )
 
 
0
0.5
1
1.5
2
R
ai
nf
al
l (m
m)
(a) τ
Rainfall
5
10
15
20
T 
(o C
)
(b)
 
 
SST
T
air
16 17 18 19 20 21 22 23 24 25 26 27
−5
0
5
10 x 10
−7
J b
 
W
 k
g−
1
April 2010
(c)
Week 1 Week 2 Week 3
Figure (4.2). The background meteorological data for the survey period during generated
by observations from the PU met station. Plot (a) displays wind stress (τ ) and rainfall, (b)
air and sea surface temperature, and (c) buoyancy flux (Jb). With respect to SST, limited
data was available due to the L4 buoy being off-line. Satellite data were used where possible
but was also limited due to the presence of cloud-cover. The arrows mark the positions of
each of the survey periods.
very low during this month, with the total rainfall recorded for this month being 36 mm
with almost 20 mm of this falling during the 1st to 3rd April. There was a gradual increase
in air temperature in April, the mean during week 1 was 8.8 ◦C compared with 13.2 ◦C
during week 3 (Figure 4.2b-c). The observed sea surface temperature (SST) reflects the
increase in air temperature with a mean value of 9.2 ◦C during week 1 and 10.3 ◦C for
week 3. There are several missing periods from instances when the L4 buoy was offline
which have been supplemented by satellite from the AVHRR pathfinder dataset. However,
further limitations with respect to SST came during periods of cloud cover.
A measure of the extent to which the meteorological parameters influence the stability
of the water column is the buoyancy flux, Jb. Positive values of Jb indicate stabilising
conditions and vice versa. Following Hosegood et al. (2008), the buoyancy flux is given
by
Jb = c
−1
p gρ
−1αQ+ gρ−1β(E − P )Ssurf (4.1)
in units of W kg−1. Here,Q = Qshortwave+Qlongwave+Qlatent+Qsensible which represents
the total heat flux (W m−2) , cp is the specific heat of water and g the acceleration due to
gravity. Evaporation and precipitation are given by E and P respectively, Ssurf is the
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surface salinity, with α and β representing the thermal and haline expansion coefficients.
It should be noted that the gaps that appear in Figure 4.2c represent periods where the
lack of both SST and Ssurf meant that Jb could not be computed, and that for the 21st
to the 25th of April 2010 a constant Ssurf value was required. The terms that dominate
Jb are Qshortwave and Qlatent, whereby short wave radiation stabilises and the latent heat
flux acts to destabilise during periods of strong winds. In the absence of the latter, the
general pattern is one of stability with daily maximums of Jb frequently exceeding 5 x 10−7
W kg−1. The largely negative value of Jb during the 14th April can be attributed to the
lack of solar insolation through increased cloud cover and low air temperature.
4.2.2 Observations
The evolution of several of the measured parameters for each survey is displayed in Fig-
ures 4.3 and 4.4. Spring tides occurred during weeks 1 and 3 with neaps in week 2 when
the minimum tidal range was experienced (≈2 m). Each of the plots displays observations
across a 12 hour tidal cycle observed on weeks 1, 2 and 3 respectively.
Figure (4.3). Measurements obtained from the ADCP and MSS for each of the surveys.
The uppermost row displays the velocity magnitude observed with the ADCP. The middle
row contains the dissipation of turbulent kinetic energy, ε, with the bottom row showing the
buoyancy frequency, N2. The vertical dashed lines mark the point of high water for each
survey.
During week 1, the peaks in ε occur shortly after the times of peak flow, whereby
the maximum velocities recorded by the ADCP are 0.37 m s−1 and 0.42 m s−1 for the ebb
and flood tides respectively. Maximum values for ε are experienced between hours four
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Figure (4.4). Scalar parameters obtained from the MSS measurements. The top row dis-
plays temperature, middle row salinity and bottom row density for each of the three surveys
during April 2010. The vertical dashed lines mark the point of high water for each survey.
and five, with values approaching 10−5 W kg−1 at the seabed. Enhanced dissipation at
the bed is broadly coincident with the peaks in U, though the largest values for ε occur
around 1-1.5 hours following the periods of faster current velocity. The influence of the
pycnocline on ε is evident, apparently suppressing turbulent activity with the value for
N2 in excess of 10−4 s−1 from around 15-30 m. This is also reflected in the plots of
salinity and density, but to a lesser extent in temperature, illustrating the greater influence
of salinity on the water column than temperature for this survey. This is reflected in the
density ratio, a parameter that quantifies the relative influence of temperature and salinity
on density, expressed as
Rρ =
α(∆T )
β(∆S)
(4.2)
where, as previously, α and β are the thermal and haline contraction coefficients. For this
week, the mean Rρ = −0.68 in the upper 25 m of the water column. The values for the
entire water column and for each of the weeks are displayed in Figure 4.5.
The markedly reduced values for ε during week 2 are illustrative of the reduced flow
experienced during neap tides. Current velocities were observed to be< 0.2m s−1 for both
ebb and flood, reflected in maximum dissipation around 10−6 W kg−1 in the bottom 3 m of
the water column. There is a more marked time-velocity asymmetry when compared with
either week 1 or week 3. The lower values of dissipation is evident and decreases to values
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Figure (4.5). Mean density ratio, Rρ, for each of the three weeks, highlighting the con-
trasting influence of temperature and salinity throughout the survey period. The shaded
box indicates salinity domination between the values of -1 to 1, outside of this range the
water column is influenced more strongly by temperature.
approaching 10−8 W kg−1 at a depth of around 40 m throughout the survey. The apparent
absence of stratification in week 2 is consistent with the corresponding plots for turbulent
dissipation, although a weak pycnocline does exist during this time, with N2=10−6 s−2 at
numerous points. Further temporal variability is displayed in week 3. Elevated levels of
ε return as a consequence of the spring tides, with increased tidal velocities of close to
0.5 m s−1 during both high and low water generated by a larger tidal range (> 3 m). This
results in enhanced values of dissipation which more readily exceed 10−5 W kg−1, and
higher values of 10−4 W kg−1 are not uncommon, particularly within the bottom 5 m of
the water column. The pycnocline is shallower here at around 10-20 m and seemingly it
is temperature that controls the water column with the mean Rρ = −1.07 in the upper
25 m. Values of N2 are marginally lower when compared to week 1.
The evolution of u∗ across each of the tidal surveys is shown in Figure 4.6. As might
be expected, u∗ is greater during the spring tides. Week 3 displays a slightly elevated
value for u∗ than the corresponding spring tide of week 1. The minimum value of u∗ for
weeks one to three is 2.5 x 10−3 m s−1, 1.4 x 10−3 m s−1 and 3.5 x 10−3 m s−1 respectively.
The corresponding maxima are 1.3 x 10−2 m s−1, 6 x 10−3 m s−1 and 1.3 x 10−2 m s−1, the
order of magnitude differences between the spring and neap tides further illustrating the
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importance of flow regime to the study of bottom stress in this environment.
The calculated values of C100 are shown in the third row of Figure 4.6. The mean
current velocity at 1 m above the bed during week one is 0.20 m s −1. Week two is lower
at 0.11 m s−1 during the neap survey, with week three is yielding the largest values at
0.24 m s−1. Aside from an elevated drag coefficient observed during survey hours 2-4 of
week 1, values for C100 are broadly similar despite the doubling of the velocity observed in
weeks 1 and 3 over week 2. The calculated drag coefficients are in agreement with those
of Soulsby (1983), which is expected given the bed at L4 is composed largely of coarse-
grained sand which will yield values of C100 between 2 x 10−3 and 6 x 10−3 depending on
the precise characteristics of the bed and the presence or absence of ripples.
The increased flow velocities in weeks 1 and 3 yield a larger estimate of τ0, shown
in the lowermost row of Figure 4.6, although some asymmetry exists particularly with
respect to survey hours 10 to 12 following the presence of faster flows. During week 1, τ0
peaks at 0.18 N m−2 at hour 4, with the corresponding peak in week 3 giving 0.17 N m−2.
Both of these values are the maximum estimates for each survey, and, using observations
from turbidity sensors and the holocam (the analysis of which is detailed in the following
chapter), both have resulted in resuspension of sediment from the bed. This is not sur-
prising, as experiments performed by Houwing (1999) in the Wadden Sea and Bale et al.
(2006) close to this site in the Tamar Estuary, indicate lower critical erosion thresholds
than the indicated maximums for weeks 1 and 3 under similar flow regimes, albeit with
finer and more cohesive sediment than the coarse sand of this location.
4.2.2.1 Bottom boundary layer thickness
The competition between stratification and mixing is a balance between the amount of
buoyancy input into the system and shear, quantified by the gradient Richardson number:
Rig =
−g
ρ
∂ρ
∂z(
∂U
∂z
)2 = N2S2 (4.3)
where a critical value forRig for the development of turbulence is taken to be 0.25. There-
fore, it may be expected that the changing pattern of stratification observed throughout the
three surveys, coupled with the oscillating tidal cycle should yield a visible response from
the water column structure as the bed is approached.
An improved scaling law for BBL thickness, based on equation ( 2.14), was presented
by Zilitinkevich and Esau (2002) where
hbl = CR
u∗
f
(1 +
C2RCuN
C2S
N0
f
)−0.5. (4.4)
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Figure (4.7). Evolution of the thickness of the BBL for each of April 2010 surveys. The
average thickness calculated for each hour is displayed, with the shaded region representing
1 S.D about that mean.
The empirically derived constants CR = 0.5 and CuN/C2S = 0.6 were found to agree well
with field observations. The reference buoyancy frequency, N0, is taken from within the
interior at a depth that is outside of the BBL (Weatherly and Martin, 1978). The formula-
tion of (4.4) was applied to the data for each of the weeks with the calculated heights, hbl,
displayed by Figure 4.7. In both cases u∗ is calculated from the MSS measurements using
the dissipation method. The water depth of L4 is around 50 m. During the surveys of
week 1 and 3, the estimated hbl frequently reaches and occasionally exceeds the entirety
of the water column, most noticeably during week 3 between the survey hours of 4 and 7
where hbl exceeds the maximum depth by up to 20 m. Whilst this estimate is not in com-
plete agreement with the observations, the general pattern of reduced hbl in accordance
with the tidal forcing and subsequent generation of turbulence is apparent. However, the
influence of stratification in suppressing turbulent activity, and thus hbl, is more marked
during week 1 than at any other time, albeit within this week the values of ε are lower
than that of week 3 (Figure 4.3).
The changing pattern of BBL thickness is further reinforced when calculating eddy
viscosity, Nz, again by utilising u∗ and following the method of Rippeth et al. (2002) with
Nz = κu∗z(1− z
h
) (4.5)
where z represents the height above the bed, h the depth of the water column and κ is
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von Ka´rma´n’s constant taking the value of 0.41. Remaining with the assumption that the
thickness of the BBL is the point at which TKE is at a minimum, or substantially reduced
from its peak value, analysis of the vertical profiles ofNz can be performed to compare the
observations with the estimate provided by (4.4). Variability in eddy viscosity is observed
throughout the entire depth and across the tidal cycle for each week, with values ranging
between 10−4 and 10−2 m2 s−1. By way of direct comparison with Figure 4.7, the average
Nz for the two peaks in hbl and one hour either side of each of these peaks is displayed in
Figure 4.8. As expected, higher values of Nz are present during weeks 1 and 3, the spring
Figure (4.8). Mean vertical profiles of eddy viscosity,Nz for the two peaks in hbl displayed
for each week in Figure 4.7. These profiles are averaged across three hours, one hour either
side of each peak.
tide surveys. However, for each of the surveys the value of Nz at these points remains
almost entirely above 10−2 m2 s−1. For the peaks of week 1, it appears that stratification
is moderating Nz, with a sharp reduction at around a depth of 24-25 m, therefore making
hbl = 25 m. The picture is less clear for the remaining surveys. For week 2, values
of Nz stay within a range of 8 x 10−3 and 2.5 x 10−2 m2 s−1 from the bed up to a depth
of 10 m, which is perhaps expected for the neap tide case where the water column has
undergone mixing from the previous week ensuring a marked reduction in stratification.
Week 3 displays the largest Nz, which are occasionally a factor of two greater than week
1. There is no repeat of the sharp reduction observed in the previous spring tide survey,
which is particularly apparent during peak 2 of this week. This fits more closely therefore
with Figure 4.7, as at the peak 1 point, using the assumption that hbl is determined by
73
the presence of TKE, the thickness of the BBL extends to the surface with values of
Nz, with the exception of a small region around the depth of 10 m, remaining above
4 x 10−2 m2 s−1.
4.2.2.2 BBL thickness - comparison with an idealised method
A recent study by Gayen et al. (2010) suggested that the definition of a representative
thickness for the BBL is complicated by the variable nature of the flow during a tidal cy-
cle. Their work ascribed a value of 10% of the maximum global level of turbulent kinetic
energy (TKE) to identify the upper boundary of hbl. Gayen et al. (2010) created a nu-
merical scenario, imposing a variety of differing levels of stratification upon an idealised
water column to assess the impact on the turbulent environment. Perhaps intuitively, the
authors identified that increased stratification strongly affects both the BBL thickness and
velocity profiles, much as described for the observations of the previous section.
Figure (4.9). Comparison of two techniques to calculate BBL thickness. The calculated
hbl is displayed for each of weeks 1,2 and 3 alongside the proposed technique of Gayen
et al. (2010). The vertical dotted line represents the time of HW for each survey.
In comparing the suggestion of Gayen et al. (2010) with the hbl as calculated by equa-
tion (4.4), an assumption was taken that the maximum value of the hourly-averaged ε
would be used as a proxy for the global TKE, in the absence of measurements of velocity
for the whole water column. Thus, 10% of this value constituted the upper boundary of
hbl. Figure 4.9 displays the comparison for each of weeks 1, 2 and 3. The two techniques
compare favourably toward the beginning of week 1, though separate soon after. Broadly,
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the idealised method appears to alternate between higher and lower estimates of hbl. This
is particularly noticeable during week 2, indicating a thickness a factor of two or more
greater than the mechanism proposed by Zilitinkevich and Esau (2002).
The method to obtain a representative value for hbl calculated from a maximum value
of ε is perhaps too simplistic. Whilst the agreement in the idealised context may be con-
sidered satisfactory, the unrealistic estimate of the technique in week 2 suggests caution
should be applied before accepting this result. The work of Gayen et al. (2010) focused
on changing levels of stratification and not of velocity. Week 2, the neap survey, whilst
showing a reduction in stratification, displays velocities which are insufficient to generate
turbulence that extends to the full extent of the water column. Inaccurate identification
of hbl may prove problematic when attempting to assess the extent to which transport of
suspended particles exists.
4.2.2.3 Phase lag and tidal asymmetry
An illustration of the relationship between the tidal current and subsequent phase lag of
dissipation is shown in Figure 4.10. As demonstrated by Simpson et al. (1996), a phase
lag in the production of turbulence brought about by friction associated with the tide
is commonly observed in the shelf seas surrounding the UK, typically attributed to the
influence of the M4 tidal constituent. As with the BBL thickness, variability is observed
between each of the three surveys. For each of weeks 1 and 2, the lag between maximum
ε and velocity magnitude is approximately 30° (∼ 1 hour). For week 3, however, the lag
is closer to 60° (∼ 2 hours). Hourly averages for the bottom 30 m of the water column
were used to identify the lag. Tidal asymmetry exists for all three weeks, and for each
survey the strongest flow is present during the flood tide. As shown in Figure 4.3 for
weeks 1 and 3, however, these stronger flows do not give rise to elevated levels of ε, with
the largest values being present during the acceleration of the ebb. Variability between
these weeks is further demonstrated by the more acute asymmetry displayed in week 3,
the latter part of this survey yielding the strongest flows of any period. This cannot be
explained by the effects of stratification, giving the reduced N2 in this week, particularly
within the bottom 30 m of the water column, but also when examining week 1 given the
clear influence the more marked pycnocline has on turbulent mixing here.
During the April 2010 surveys, there is no discernible evidence of tidal straining
(given further attention in Section 4.2.5). This is perhaps not entirely surprising given
the extent of freshwater influence from the Tamar and Plym. This becomes important
75
Figure (4.10). Velocity and TKE dissipation, ε, for the three surveys. The values displayed
here are hourly averages for the bottom 30 m of the water column.
when comparing the asymmetry observed at L4 to other locations, for example that ex-
tensively documented in Liverpool Bay (e.g. Rippeth et al. 2001; Simpson et al. 2002).
Liverpool Bay exhibits far more pronounced asymmetry, enhanced by the strong density
gradients present, than that observed here. Perhaps of greater importance is the increased
dissipation of tidal energy during weaker flows. This is particularly so when assessing
resuspension events and will be closely examined during Chapter 5.
4.2.3 The energetics of mixing
In explaining the temporal evolution of stratification displayed by Figure 4.4, the poten-
tial energy anomaly (PEA) was calculated (following the method outlined by Simpson
and Bowers 1981; Simpson et al. 1990 and also more recently by Cheng et al. 2010),
to identify the main driver of mixing. The principal motivation for using this technique
was to quantify stratification throughout this period by calculating the amount of energy
required to bring about a completely mixed water column.
The approach considered by Simpson and Bowers (1981) details the time derivative of
PEA, when only stirring by tidal and wind forcing and buoyancy input from solar heating
are important. This is also the case for L4, although the degree to which this location is
influenced by freshwater outflow from the nearby rivers Tamar and Plym across short time
scales is yet to be explicitly quantified. Rainfall for the period of April 2010, as shown in
Figure 4.2, is effectively nil so neglecting this as an additional input of buoyancy is valid.
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Simpson et al. (1990) described the PEA, in units of J m −3, as follows:
φ =
1
H
∫ 0
−H
(ρ¯− ρ) gzdz (4.6)
here, the overbar defines a depth-averaged value of density. How φ might vary with
time can provide an indicator of the degree to which stratification develops, and is de-
scribed thus:
dφ
dt
=
αegQ˙
2Cp
− 4
3pi
εmC100ρ
u3T
h
− δCdsρau
3
W
h
. (4.7)
The first term on the right hand side defines the amount by which stratification will
increase in response to surface heating at the rate Q˙, and αe is the thermal expansion co-
efficient. Both the second and third terms characterise the mixing from the tide and wind
respectively, with uT tidal and uW wind, and εm and δ representing the corresponding ef-
ficiencies of mixing taking the values of 0.0037 and 0.023 for each in line with (Cheng
et al., 2010). C100 is the drag coefficient for bottom stress, which has been calculated
following an evaluation of the dominant processes of the bottom boundary layer and de-
termined by the ratio of the squared friction velocity to the squared velocity magnitude for
the bottom 1 m of the water column. Cds is the drag coefficient multiplied by a slippage
factor at the surface, here given the nominal value of 6.4 x 10−5. The density of air, ρa is
given as 1.3 kg m−3.
The calculated PEA reflects the stratification in each week, with φ > 30 J m−3 in the
spring tide of week 1, φ < 15 J m−3 for week 2 during neaps and φ > 20 J m−3 in week 3,
markedly lower than those observed in week 1 (Figure 4.11). Surface heating is a major
contributor to stratification, and seemingly sufficient to overcome the combined mixing
of both wind and tide. However with winds light and generating only 10−6 J m s−1, the
same order of magnitude of energy input from tides, it seems likely that during periods
when meteorological conditions are less quiescent the PEA will be lower. Further, upon
integration of the mixing and stratification mechanisms for the periods between each of
the surveys, it was found that the components of mixing are insufficiently strong enough
to overcome the buoyancy input of the shortwave radiation. Ignoring any other processes,
and taking these three components alone, the PEA would otherwise be 35.6 J m−3 and
33.1 J m−3 for the start of weeks 2 and 3 respectively. This is in clear contrast with the ob-
served values of 13.0 J m−3 and 19.0 J m−3. These results compare favourably with those
of Groom et al. (2009), who found that in mid-summer L4 values for φ were typically in
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the range of 40-50 J m−3 when stratification was more established.
4.2.4 PEA and GOTM
The 1-D model was employed to quantify the evolution of stratification between the weeks
of the three surveys, examining the extent to which the observed temporal variability
in the PEA is simply a response to vertical exchange processes. GOTM estimates the
PEA for the entire period from the start of the week 1 survey to the end of week 3,
including each intervening day. This estimate is derived from running the model with
a single, initial profile of temperature, salinity and velocity along with the associated
meteorological variables as described in Chapter 3. The model compares favourably to
the observed PEA when calculated by way of (4.6) with respect to week 1 (Figure 4.12). It
is the second survey in week 2 that the estimate begins to break down, as GOTM starts to
over-estimate the PEA, and again during week 3 as despite the inclusion of the measured
short wave radiation as additional forcing, the model is unable to reproduce the increased
buoyancy input and now offers an under- estimate (Figure 4.12d).
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Figure (4.12). The estimate of the PEA for the period of the surveys in April 2010 from
the 1-D model GOTM in plot (a), with the arrows denoting the points at which the surveys
took place. Plots (b, week 1), (c, week 2) and (d, week 3) display a detailed comparison of
the modelled versus observed PEA.
The estimate for the entire period displays the rapidity with which mixing reduces the
PEA, illustrating the importance of tidal energy in generating the water column at L4. The
inability to reproduce the observations in their entirety, however, suggests the temporal
evolution of the water column may not be entirely attributed to vertical processes alone.
4.2.5 Quantification of spatial gradients in the upper water column
Spatial and temporal complexity at this location may present difficulties for users of the
L4 station, particularly those considering the examination of suspended particle popula-
tions across both short and long term time-scales, and even more so for those who may
consider that the water column properties of a single 1 km box around the L4 buoy to
be homogeneous from one period of sampling to the next. During the week 3 survey,
the Minibat was towed in a bow tie pattern around the drifter floats deployed in the La-
grangian reference frame (Figure 4.13). The magnitude and direction of current flow was
obtained from a vessel-mounted ADCP. Tidal currents are stronger than at depth, yield-
ing a mean value of around 0.45 m s−1 for both bow-ties, being conducted immediately
prior to low water. Each of the bow ties were completed in around one hour. The first
survey is broadly coincident with survey hour 5 (Figure 4.13a) and the second with hour
6 (Figure 4.13b). The previously unobserved spatial complexity of L4 is demonstrated by
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Figure (4.13). The additional surveys from week 3 using the Minibat. Plot (a) comprises
the first survey which corresponded with survey hour 5 and (b) shows the period corre-
sponding to hour 7. The vessel towed the Minibat in a bow-tie pattern close to the drifting
float assembly, marked by an X in each plot. The z coordinate of the plot is depth (m), the
magnitude of flow shown by the thin arrows.
this figure, which principally illustrates the quasi-instantaneous three-dimensional spatial
structure of the density field.
The bow ties are ≈ 2 km in diameter at their widest points. A visible density gradient
can be observed of 2 x 10−4 and 2.4 x 10−4 kg m−4 for Figure 4.13(a) and (b) respectively.
This highlights the presence of spatial variability which is possibly a result of advection
and vertical shear, and may also explain why the 1-D model is unable to replicate the
observed PEA at this point. Gradients in buoyancy in areas that are subject to the influence
of freshwater can determine the vertical structure of the water column across tidal cycles
through tidal straining, or strain induced periodic stratification (SIPS) (Simpson et al.,
1990; Jay and Musiak, 1994; Stacey et al., 2001). SIPS acts to promote stratification
through the interaction of vertical shear with fresher water during the ebb tide, and reduce
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stratification as the same vertical shear mixes the water column with water of enhanced
salinity during the flood. Using the data from survey hours 5 and 6, it is possible to
quantify this gradient in buoyancy and how it changes across very short time and spatial
scales. From this, further quantification of the potential for lateral gradients to modify
current flow can be made by calculating the Simpson number, Si (Souza et al., 2012),
given by:
Si =
∂xbH
2
u2∗
. (4.8)
Here, ∂b/∂x represents the buoyancy gradient which is calculated from:
∂xb = − g
ρ0
.
∂ρ
∂x
, (4.9)
where ρ0 is a reference density, and g is gravitational acceleration. Low values of Si of
around 0.1 indicate that conditions are well-mixed, with values close to 1 suggesting that
the competing forces of stratification and mixing are in approximate balance (Stacey et al.,
2001). For equation (4.8), the friction velocity is used in favour of current velocity. As
suggested by Souza et al. (2012), this is more appropriate scale for mixing, and found to
be favoured above previous studies that have mostly used current velocity (e.g. Simpson
et al., 1990), principally out of convenience.
Across the snapshot given by Figure 4.13, the calculated values for Si are almost
universally 1, indicating that tidal straining as an advective process is not important at
this time. Referring to both Figure 4.13 and Figure 4.4, and considering this component
of analysis is restricted to observations above 20 m in the region which exhibits most
stratification, low values of Si would have been surprising. Furthermore, there is no
evidence of a departure from the snapshot displayed by the Minibat bow ties. The upper
part of the water column remains stratified throughout the week 3 survey, implying that
the SIPS so often observed in ROFIs exposed to a greater amount of freshwater is not an
active process at L4.
Quantifiable spatial gradients in buoyancy are present at L4, as illustrated by the bow
ties. The average buoyancy gradient, for the upper water column, is around 2 x 10−4 kg m−4
which in the presence of shear should be sufficient to generate tidal straining, however the
absence of SIPS could well be a function of water depth moderating the influence of the
tidal current. Buoyancy gradients weaker than those present at L4 have been shown to
result in some tidal straining, as recently displayed by Becherer et al. (2011), where the
shallower water was attributed to the relatively low values of Si.
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Making an informed judgement on the responsible source of the gradient in density
is complicated by the paucity of the Minibat data. Repeated surveys would be benefi-
cial, ensuring also that the entire water column is covered. Given the variable nature of
stratification, which has already been demonstrated to modify the vertical structure of
current flow, additional intensive measurements would prove useful in further describing
the physical dynamics of L4. Advection from a source away from the sampling field ap-
pears to remain a possibility. The mean current speed recorded by the ADCP in the upper
20 m was 0.47 m s−1, directed westward at 268◦ for the period covered by both Minibat
bow ties. Water in this upper layer was therefore advected in this direction at a rate of
1.6 km hr−1, at a time when the drifting float migrated only 1.2 km hr−1. This could ac-
count for the occasions during the MSS measurements where water parcels of varying
properties appear to be advected through the sampling field. This could also complicate
the accurate observation of passive suspended particle populations
4.3 Summer 2010
4.3.1 The physical regime
The planned surveys of weeks 4 and 5 were each due to be conducted across 12 hours, in
the same manner of those in April, however as mentioned above the unseasonal meteo-
rological conditions experienced throughout these campaigns did not allow for this. The
impact of these conditions can be considered in addition to the relative change imparted
by seasonal elements such as increased insolation.
By way of context, some of the key meteorological parameters are displayed in Figure
4.14. Unfortunately, the calculation of the buoyancy flux could not be achieved across this
period due to the absence of SST and SSS measurements. The L4 buoy would ordinarily
supply this data but was off-line from the 30th July for a period of around one month.
Additionally, the satellite data that was used to provide supplementary data as per the
previous section was not available due to the extent of the cloud cover.
Once more, as with the survey period in April, wind stress remains low in the period
leading up to the week 4 campaign allowing for a full survey of 12 hours. This was not
the case for week 5, however, as this campaign was curtailed after only seven hours due
to the arrival of inclement weather conditions. Strong winds led to somewhat unstable
conditions that rendered the deployment of the instruments impossible. The daily average
wind stress does not entirely reflect this, although a noticeable peak is observed on the
4th August, the day of the week 5 survey. A closer examination of τ for this day only
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Figure (4.14). The background meteorological data for the survey period of weeks 4 and
5 generated by observations from the PU met station. Plot (a) displays wind stress (τ ), (b)
rainfall and (c) air temperature. All plots consist of daily averages, with the shaded region
representing 1 S.D about the mean.
reveals the extent to which the poor conditions would necessitate a curtailment of the
survey (Figure 4.15). Operations were cancelled on this outing at around 14:00, the point
at which the wind stress was at its greatest and equipment failure was experienced with
the holocam rendered inoperable.
The campaigns of week 4 and 5 were conducted across spring and neap tides, respec-
tively. The combination of the downward-facing ADCP to assess current flow and the
MSS to observe the TKE dissipation was again employed to good effect, illustrating the
striking contrasts between the two tidal regimes (Figure 4.16). The dominance of the ebb
tide is again prominent in week 4, with peak flow magnitudes occasionally exceeding
0.50 ms−1 between hours four and six. Low water was around hour six, and high water a
little before hour 12. In the two hours prior to high water the increase in current magni-
tude is smaller than that observed shortly before low water, with values here reaching no
more than around 0.20 ms−1. There is no direct comparison with week 5 as this survey is
conducted over the shorter period of 7 hours. As such, the opportunity to observe the flow
regime during the ebb tide is lost. The strongest flow recorded during neap tide is around
0.14 ms−1, shortly before high water during hour 4.
During week 4,  peaks at 10−5 W kg−1 and unlike the corresponding surveys in
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Figure (4.15). Illustration of the inclement weather conditions for the week 5 survey pro-
vided by hourly-averaged wind stress, (τ ). The figure is generated by observations from
the PU met station, with the shaded region representing 1 S.D about the mean
spring, at no point exceed this value. When comparing with the predicted tidal range
at Devonport, the range was similar to week 1, though lower than week 3 by around 0.8 m
which would likely account for the discrepancy. There are striking features that mark the
evolution of  throughout the tidal cycle here. Broadly, there is a marked discontinuity
where a sharp reduction in values of dissipation occurs at approximately 30 m, though this
is not entirely consistent with the position of the pycnocline which is somewhat shallower
at 20 m which is marked by the peak in N2 displayed in the lowermost plot of Figure 4.16,
and further highlighted in Figure 4.17. In addition, there is a clear region of phase lag
with an elevated level of dissipation occurring further up the water column that persists
up to four hours after the peak in  at the sea bed. A similar response was observed by
Sharples et al. (2001) to the west of L4, albeit in a location that was almost twice the
depth. Week 5 is of course quite different, though there is a noticeable patch of elevated
dissipation toward the bed that is sustained throughout much of the duration of this short-
ened survey. Maximum values of  rarely exceed 10−7 W kg−1 save for a smaller region
close to the bed in the first two hours. The thin region of increased  closer to the surface
is most likely due to the transfer of energy from the additional wind and wave activity at
the surface.
The depth of the pycnocline is similar to that observed during the week 1 survey in
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Figure (4.17). MSS sensor data for week 4. Temperature is the uppermost plot followed by
Salinity and σT . Fluorescence in arbitrary units to represent relative changes to the sensed
voltage follows, with the final plot showing turbidity from the OBS sensor. The vertical
dashed line on each of the plots denotes the time of high water for each survey.
spring 2010. Naturally, the surface to bottom temperature difference is greater, peaking
at 4.3 oC, with the maximum temperature at the surface reaching 16.1 oC between hours
six and eight of the week 4 survey. This period corresponded with the middle of the
afternoon where air temperatures were also at their highest. The plot of density in Figure
4.17 mirrors that of N2, denoting a somewhat stronger density gradient present here than
seen in the week 1 survey in spring underscoring the influence of seasonal change on
the physical regime here. Whether L4 can be considered subject to a more permanent
thermocline throughout summer is not clear, however, due to the competing forces of
temperature and salinity at this location and the propensity for the pycnocline to rapidly
erode following increased wind stress or enhanced mixing by tidal forcing. This is further
illustrated by the observed picture of the water column presented in Figure 4.18. Here, the
plots of temperature and salinity (and thus density) are much more homogeneous. With
temperature, there are thin regions of warmer water at the surface and cooler water at
the bottom. Each is of around 5 m in depth, with maximum and minimum temperatures
of 15.7 oC and 13.3 oC at the surface and bottom respectively. The subsequent reduction
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Figure (4.18). MSS sensor data for week 5. Temperature is the uppermost plot followed by
Salinity and σT . Fluorescence in arbitrary units to represent relative changes to the sensed
voltage follows, with the final plot showing turbidity from the OBS sensor. The vertical
dashed line on each of the plots denotes the time of high water for each survey.
in surface to bottom temperature difference of 1.7 oC implies that thorough mixing has
occurred from a combination of the meteorological conditions (Figure 4.15) and that of
the tide.
The Potential Energy Anomaly (PEA) was again used to assess the amount of energy
required to overcome stratification and induce a fully-mixed water column. The expecta-
tion that stratification should be stronger at this point in the year was partially borne-out.
As with the spring surveys, though, and in line with the observations of the MSS, temporal
variability exists between the tidal cycles (Figure 4.19). Prior to the less favourable mete-
orological conditions experienced during week 5, it is likely that stratification would have
been promoted by light winds and increased levels of solar radiation. This is reflected in
the maximum values of PEA at 44.8 J m−3, occurring at hour 8 of the week 4 survey in
the middle of the afternoon. The mean for the survey is 39.0 J m−3. Whilst higher than the
spring values, the observed PEA remains consistent with the observations of Groom et al.
(2009). The subsequent mixing and/or presence of advection has reduced the observed
PEA for week 5. Here, the maximum value for this curtailed survey is 23.6 J m−3 with the
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Figure (4.19). The evolution of the PEA for each weeks 4 and 5. The broad picture of
weak stratification at L4 is identified by the striking differences between the two successive
surveys. Each marker represents the hourly average with the shaded region indicating 1 S.E
about that mean.
mean for the seven hours of data collected being 22.4 J m−3.
4.4 Autumn 2010
The measurement campaigns were concluded with a further, single survey from the au-
tumn of 2010. Comparisons across spring and neap tidal cycles were not possible due
to inclement weather denying this opportunity. As a result, the solitary campaign was
conducted on the 22nd September 2010. The duration was for only 11 hours, as the sam-
pling activity was affected by instrument failure. The measurements were obtained during
spring tides, thus providing a comparison with the summer campaign. Throughout this
analysis, this survey is denoted as week 6.
4.4.1 The physical regime
Throughout the survey the weather conditions deteriorated, which resulted in enhanced
mixing from the surface, eroding the weak stratification present. However, in comparison
to the similar conditions of week 5 that resulted in the failure of the holocam, the wind
stress was not as severe, with values at its peak of 1.9 x 10−2 N m−2, almost half of that
observed in the summer survey (Figure 4.20). Wave conditions were assessed by utilising
data from the Looe wave buoy, located at 50.34o N 04.41o W, which is 17 km from L4.
The buoy is located in water with a depth of around 12 m. The average wind direction
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Figure (4.20). Illustration of the inclement wind and wave conditions for the week 6 survey
provided by (a) hourly-averaged wind stress, τ , and (b) wave buoy data Hs, from a nearby
site. The shaded region represents 1 S.D about the mean.
throughout the period where wind stress increases is directly from the south at 180o. The
buoy records a value for Hs, the significant wave height, which is taken to be the average
wave height of one-third of the highest waves. Co-incident with the increase in τ is a
corresponding increase in Hs. Taking the assumption that these conditions would also
extend to the area covered by the week 6 measurements, it is possible to examine how
this additional surface forcing may impact on the water column structure.
There are also notable differences between the surveys held in the previous seasons
at depth. The velocity magnitude, U, is lower than the corresponding survey of week
4, with the maximum values of 0.39 m s−1 at the hour four, which is some 0.1 m s−1
slower than that experienced in the summer. The reduced tidal velocity has resulted in a
similar reduction in ε, with the maximum dissipation of 10−6 W kg−1 here not extending
beyond 40 m in the lower part of the water column (Figure 4.21). This value is an order
of magnitude lower than that seen in week 4.
Of particular note is the increased region of ε in the upper part of the water column
toward the end of the survey. This is likely a result of the increased wind and wave energy,
where dissipation rates above 10−4 W kg−1 are observed at a depth of 6-7 m. Increased
mixing from turbulence continues with depth, albeit to a lesser extent, with values of ε
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Figure (4.21). Data from the Autumn 2010 Survey. The top row displays current magnitude
(U) from the ADCP, the middle row TKE dissipation () with the buoyancy frequency (N2)
comprising the bottom row. The vertical dashed line on each of the plots denotes the time
of high water.
approaching 10−6 W kg−1, similar to that brought about by tidal mixing earlier in the
survey. In addition to this increase in mixing, the wind direction which is predominantly
coming from the south appears to have advected a separate water mass into the sampling
window. This is shown most clearly when referring to the time series of density displayed
by Figure 4.22. This is also seen through the homogenisation of Temperature and Salinity.
Gradients in both properties exist prior to hour 6 and are reduced considerably beyond this
point.
The evolution of the PEA, φ, further displays the rapid alteration to the structure of the
water column (Figure 4.23). For the initial six hours of week 6, values of φ range between
19.2-20.3 J m−3, before the striking reduction to a minimum of 12.8 J m−3 at hour 11. The
lower values observed here are similar to that seen during week 2, and are considerably
lower than those of week 4 and 5, highlighting the ease with which stratification may be
eroded. Utilising the same approach detailed by Figure 4.11, it is clear that the increase in
wind forcing alone is not responsible for the change to the water colum properties, once
more illustrating that L4 is subject to advection rapidly altering the physical environment
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Figure (4.22). Water column properties observed during the Autumn 2010 Survey. Tem-
perature is the uppermost plot followed by Salinity and σT . Fluorescence in arbitrary units
to represent relative changes to the sensed voltage follows, with the final plot showing tur-
bidity from the OBS sensor. The vertical dashed line on each of the plots denotes the time
of high water for each survey.
which is likely to hold important consequences for the resident suspended particles.
4.5 Summary
The temporal variability exhibited by L4 is perhaps typical of a UK shallow shelf envi-
ronment. Stratification and the formation of a pycnocline at this location is principally a
balance between the extent of the forcing by tides and wind, and the degree of insolation.
Advection clearly also has a prominent role that can only be partially quantified here.
Further work including intensive surveys across tidal cycles, as conducted here, would
resolve this more clearly along with additional deployments of bottom-mounted ADCPs
for extended periods in each season.
The role of L4 as a key part of the effort of the WCO to accurately model biogeochem-
ical cycling is currently under-sampled with respect to the physical drivers of change. The
work presented here is the first examination of the impact of changes across tidal cycles
and seasons, particularly with respect to the suspended particle populations, but also to
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Figure (4.23). The evolution of the PEA for week 6. The rapid change to the water column,
likely brought about by advection of water from the south, is highlighted by the coincident
reduction in φ. Each marker represents the hourly average with the shaded region indicating
1 S.E about that mean.
key water column properties that impact substantially on the biological realm. At present,
whilst such short-term changes may be considered redundant when concentrating efforts
on a long-term monitoring programme, users of L4 should be aware of this variability
when drawing conclusions from single, point-measurements alone. This point will be
discussed further in Chapter 7.
Stratification can also be reduced by the presence of enhanced wind stress. Whilst
L4 remains dominated by tidal flow, the evidence here is suggestive of meteorology also
playing a role. How such events impact on the particulate domain will be considered in
detail in the Chapters that follow, for example further evidence for advective components
impacting upon particulate populations is given in Chapter 6, where patches of phyto-
plankton enter the sampling field and markedly increase in number over time scales of a
few hours.
This Chapter has explored the context in which particles exist at L4. How they re-
spond to the changing environment and whether that response can be measured will form
the remainder of this thesis. The key advantage to the work presented here is the coupling
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of the physical measurements with those of particles from the holocam. Previous studies
have not been able to examine particle behaviour in situ alongside turbulence, for exam-
ple, which allows for a close scrutinisation of resuspension which is the main focus of the
following Chapter. The variable nature of the dynamics governing resuspension events
introduced here provide the framework to establish the degree to which the movement
and transfer of non-planktonic material can occur at L4.
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Chapter 5
Suspended Particle Dynamics at L4 - the non-
planktonic fraction
In response to the physical platform introduced by the previous chapter, this chapter anal-
yses how non-planktonic particle populations at L4 are influenced by the changeable en-
vironment. Using the techniques described in Chapter 3, particle populations are also
assessed and evaluated with respect to their size and number. The purpose of this chapter,
then, is to identify how SPM responds to turbulent activity at the bed, and whether the
changeable thickness of the BBL identified in Chapter 4 may, for example, impact upon
the extent to which turbulence is able to entrain particles up into the water column.
Prior to the introduction of instrumentation such as the holocam, attempts to numeri-
cally categorise populations of SPM would have involved the use of destructive sampling
methods that would inevitably interfere with the particles of interest. The holocam does
not suffer from this limitation, in recording precisely the particles present at that loca-
tion in that moment in time. The combined use of such instruments as the ADCP and
MSS allow for the simultaneous understanding of the response of particle populations to
turbulent events.
The holocam data allows the user to choose the method by which suspended parti-
cle populations might be characterised. Automated particle statistics are generated by
bespoke processing software, delivering particle size and number distributions based on
input of a given number of raw, unreconstructed holograms. The same data can be anal-
ysed manually, where counts of individual particles can be made. This is particularly
useful when attempting to gather information on particle type, for example, classifying
that of biological origin for phytoplankton and zooplankton, or the ‘non-planktonic’ frac-
tion such as inorganic flocculated matter or mineral grains.
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5.1 Spring 2010
Albeit a qualitative assessment of the response of SPM to changing physical forcing, both
Figure 3.9 and Figure 3.10 illustrate how the combined use of the MSS and holocam can
be used to point towards regions of interest. Importantly, these figures demonstrate that
both instruments are sampling the same parcel of water. Given the apparent response
of biological particulates (and also perhaps those of inorganic origin) to the pycnocline,
coupled with the noticeable increase in turbidity within the enhanced region of turbulent
activity, an investigation into the potential differences displayed by SPM to changing
flow regimes now follows, both within each survey and across all of the measurement
campaigns for weeks 1, 2 and 3.
Characteristic semi-diurnal patterns in bed stress are observed in each of these weeks,
though to a lesser extent in week 2, the neap survey (Figure 5.1). The increased flow
velocities in weeks 1 and 3 yield a larger estimate of τ0, although some asymmetry ex-
ists particularly with respect to survey hours 10 to 12 following the presence of faster
flows. During the first survey, τ0 peaks at 0.18 N m−2 at hour four, with the corresponding
peak in week 3 giving 0.17 N m−2. Both of these values are the maximum estimates for
each survey, and both have resulted in resuspension events of sediment from the bed as
observed by both the OBS sensor and the holocam.
The ε values coupled with the calculated particle concentration from the holocam
illustrate that differences between each of the weekly surveys are present. The peaks
in τ0 are coincident with maximum values of ε, which is expected. The largest values
for ε for each campaign are 10−5 W kg−1, 10−6 W kg−1 and occasionally 10−4 W kg−1
for each of weeks 1, 2 and 3 respectively. The position of the pycnocline suppresses the
vertical extent of this tidally-induced dissipation during both week 1 and 3, which also acts
to mediate the distribution of SPM when observing the volume concentration. Volume
concentration occasionally exceeds 10µL L−1 in each of the weeks, though typically this
is in association with the peaks in τ0.
Direction of flow appears to be important at L4. For weeks 1 and 3, conducted across
spring tides, maximum flow, and thus maximum bed stress was observed during ebb tide,
which flows in a westward direction. The resuspension events occur during the ebbing
tide, on both occasions shown by a stronger response from the holocam, indicating that a
greater number of particles are ejected into the water column at these times (Figure 5.1,
upper row). Throughout each of the surveys, these episodes of enhanced and reduced bed
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Figure (5.2). Particle Number Distribution for each of the three surveys. Plot (a) represents
the depth-averaged ND at the event 1 time point, with (b) showing event 2 and (c) event 3.
stress drive the remaining analysis for the spring campaigns. The enhanced episodes of
hour 4 in each week will hereafter be referred to as event 1, the minima present at either
hours 7 or 8 shall be event 2 and the broadly consistent increase in bed stress at either
hour 10 (week 1) or hour 11 (weeks 2 and 3) is referred to as event 3.
5.1.1 Distribution of suspended particles
Example images can be representative of the particles present during each deployment
cast, however with further examination it is possible to contrast differences within and
across tidal cycles. Analysis of the number distribution (ND) displays a broad overview
of how SPM may be altered by the changing physical environment. The ND is calculated
using the depth-averaged number of particles recorded from the holocam at the event 1,
2 and 3 time points for each of the three weeks. The particles are counted based on the
major axis length (MAL) parameter, rather that the equivalent spherical diameter (ESD)
that would be used when determining volume concentration as observed in Figure 5.1.
The decision to count using MAL is based on the results that L4 is dominated, from a
biological point of view, by chain-forming phytoplankters such as diatoms, and to a lesser
extent dinoflagellates (Widdicombe et al., 2010). Additionally, it has been observed that
MAL is the most appropriate choice of scale to size flocculated marine particles, which
by their nature are non-spherical in form (Manning et al., 2007). The process of manually
counting and sizing particles also depends on MAL to ensure the greatest accuracy.
The ND for each of the three surveys indicates some variability with respect to tidal
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cycle and also within each sampling period (Figure 5.2). Looking first at event 1, the first
resuspension event, there is a difference in the peak of smaller particles at close to the
resolution limit of the holocam at 25-30µm. A greater number of particles are present at
this size range for weeks 1 and 3, but fewer are observed for week 2 during neap tides
(Figure 5.2a). There are consistently a greater number of particles present during week 1
throughout the entire size range. Following the peak at 25-30µm seen in week 3, the ND
assumes a similar profile to that of week 2, albeit with some fluctuation toward the largest
sizes, where only a few particles are captured by the system.
Table (5.1). Range of m exponents calculated for each of the Number distributions dis-
played in Figure 5.2
Event 1 Event 2 Event3
Week 1 -2.29 -2.23 -2.23
Week 2 -2.25 -2.19 -2.34
Week 3 -2.39 -2.33 -2.35
A broadly similar pattern exists for event 2. Again, larger numbers exist toward the
lower size ranges, with fewer particles present as size increases, as would be expected.
When examining the slope of the ND, it is useful to compare to the Junge-like power-law
distribution, where n(D) ∝ Dm, when n is equal to the number of particles of diameter
D, and the m exponent typically taking the value of -4 (Morel and Maritorena, 2001).
For a typical Junge-like distribution, it is common for the smallest sizes to dominate by
number, with very few particles existing at sizes equivalent to the maximum particles size
observed here. For all of the events and weeks under consideration, the m exponent is
within the range of -2.19 to -2.39, implying that a greater number of larger particles are
present, which is evidenced by each of the plots in Figure 5.2.
For event 3, the second period of increased bed stress and resuspension, a somewhat
different picture is present. Closer agreement exists now between week 1 and week 2,
with week 3 reporting a reduction to the number of particles throughout all sizes. This
is perhaps surprising, giving the maximum values for τ0 occur during week 3. It is also
during this week that the largest values for the m exponent are reported, though the values
for both weeks 2 and 3 are more similar.
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5.1.2 Assessing variability in the non-biological population
Separating the total recorded SPM into categories allows for the analysis of how each
population responds to changes to the physical regime. By examining each of the raw
images manually, it is possible to count the number of particles that belong to the three
different types of particle population outlined in Chapter 3.. That the in situ images can be
continually examined and referred back to ensures that a high degree of confidence can be
attributed to the population counts derived by this method. This allows for the subsequent
calculation of the average number of particles per unit volume within each bin displayed
for each of the three events for the surveys of weeks 1, 2 and 3 in Figure 5.3
Figure (5.3). Results of the particle counts for each event across all of the three surveys.
Each bar displays the mean number of particles≥ 200µm in size for each 5 m interval, with
error bars indicating the S.E about that mean for the three populations identified. Part (a)
represents event 1, (b) event 2 and (c) event 3
Looking firstly at event 1, the counts indicate that there is an increase in the lower
depth bins below 35-40 m for week 1 and week 3, but much less so for week 2 coincident
with the observed values of τ0 (Figure 5.3a). The maximum count for this population
exceeds 1000 L−1 at the 45-50 m depth interval during week 1, which is a likely reflection
of the highest bed stress which also occurs at this point. At no other point above the
35-40 m depth interval in any of the weeks does the count exceed 600 L−1. In accordance
with the observation from the OBS sensor, and also the assertion that the strongest flow
and τ0 occur during the ebb tide, the maximum number of particles reach greater than
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1000 L−1 during this event. This is in contrast with the upper part of the water column,
with the count typically remaining around 200 L−1. The broadly consistent reduction in
number with height above the bed may be an indication of the length of exposure to the
enhanced level of turbulence modifying the size of the particles.
There are broadly a greater number of particles present in weeks 1 and 3 than in week
2. When comparing with event 2, this is particularly noticeable as depth increases, as per-
haps the previous resuspension event 1 has ensured that elevated numbers of non-plankton
particles remain in suspension from around 35 m to the bed (Figure 5.3b). For these depth
intervals, week 2 displays the maximum number of particles counted of around 470 L−1,
similar to the maximum number observed in the other surveys, though perhaps unex-
pected given the low level of bed stress present during the neap tide. With the stronger
stratification that is present in weeks 1 and 3 this could be evidence of the pycnocline
acting as a barrier to the upward progression of particles. In the absence of an estimate of
settling velocity, however, it is impossible to quantify whether the number of this type of
particle present during event 2 is a result of the previous resuspension event.
Event 3 displays similarities to the pattern shown in event 1 across all three weeks,
with the largest observed count of 750 L−1 being present in the 40-45 m depth interval
for week 3. This is more than 200 L−1 higher than that seen in either of the other two
surveys at the same point, and also when compared to the other depths within this week
(Figure 5.3c). Once again, the number of non-plankton particles in week 2 is somewhat
lower, often by a factor of two or more. Of particular note is the asymmetry between the
ebb and flood tides and the degree to which fewer particles are present closer to the bed
during the flooding tide. This is less apparent during week 3, but quite pronounced for
week 1. Whether this is coincidental or persists across longer time scales is examined in
the section that focuses on the summer 2010 campaigns.
5.1.3 Resuspension and the smaller fraction
Categorising particles below the threshold of 200µm and accurately assessing the degree
to which this fraction are affected by turbulence is more complex. However, the domi-
nance of long and thin particles allows for some measure of confidence when considering
the particle response to resuspension in the bottom boundary layer. Using the OBS data
as a guide, it is possible to focus on the region of the water column that smaller parti-
cles might be observed by reference to the reconstructed holograms (Figure 5.4). Smaller
mineral grains, being noted as efficient scatterers of light (Bowers and Binding, 2006),
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will provide a stronger response from the OBS than would the more transparent biologi-
cal particles, so the observed increase in FTU with depth is expected. As previously seen,
the vigorous mixing has resulted in resuspension events ejecting larger particles in to the
water column. Although possible, it is unrealistic to attempt to undertake a similar exer-
cise for all particles down to the resolution limit of the holocam. To look in more detail
as this component of SPM, then, one must turn to the particle statistics provided by the
automated reconstruction.
Figure (5.4). OBS response from weeks 1 and 3. Plot (a) displays both of the resuspension
events from week 1, with (b) showing week 3. The OBS signal has been averaged into 1 m
intervals. The less energetic conditions of week 2 are not shown.
An important contributor to the SPM population in the marine environment is benthic
fluff, a thin, low-density and high carbon layer residing on top of bed sediment of a higher
density (Jago et al., 2002). This fluff is readily resuspended during elevated levels of
bed stress and will also contribute to the response seen in the OBS, although in contrast
to the observations of Jago et al. (2002) in a location that undergoes a similar level of
tidal forcing, resuspension of the bed sediment is equally efficient as has already been
seen. Quantification of the contribution of the fluff-layer to the SPM population during
resuspension cannot be readily achieved, however, as the component parts exist at a size
that is too close to the resolution limit of the holocam. Whilst acknowledging that this
fraction of the total resuspended volume is likely to contribute to the peaks in the OBS
signal, particularly during the onset of stratification in the spring when biological particles
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are in abundance, further analysis on smaller particles will be restricted to those particles
that are ≥ 22µm, as indicated by equation 3.1 in Chapter Three.
Figure (5.5). Time series of particle counts from the automated reconstruction for all par-
ticles ≤ 200µm recorded by the holocam. Plot (a) displays week 1 and (b) week 3.
The smaller particle fraction for the region of the water column from a depth of 35 m
and below is shown in Figure 5.5, highlighting that the overwhelming number of particles
detected exist below the selected 200µm threshold. Particles were averaged into 5 m
depth intervals in the same manner as that for the manual counts. The marker points for
each interval therefore represent the average number of particles per litre at that depth for
the given cast (denoted as survey hours in Figure 5.5), joined by each line so that the trend
is illustrated. These three intervals were chosen to more closely assess how turbulence-
induced resuspension impacts on smaller particles, and whether a similar relationship
might be observed as was displayed for large particles.
Looking firstly at week 1, multiple peaks are present for each interval but each does
not coincide with the calculated maximum in bed stress (Figure 5.5a). The largest value
of τ0 occurs during survey hour 4, whereas for the lowest depth interval of 45-50 m,
the strongest peaks in particle count are observed one hour prior to this and three hours
after. For both of the shallower regions, the peaks occur close to two hours following
maximum τ0. These latter peaks are perhaps not unexpected given firstly the phase lag of
turbulence observed in the previous Chapter, that would most likely entrain these smaller
particles further up into the water column as the tidal cycle progresses. During the period
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of minimum bed stress the particle count reduces markedly. It must be assumed that rapid
settling of these particles occurs once the mechanism driving resuspension is reduced.
Taking the median settling velocity of resuspended benthic fluff of 2.7 mm s−1 from Jago
et al. (2002), this gives the potential for this particle to settle up to 10 m in one hour,
therefore allowing for the reduction in particle numbers observed. If the assumption that
many of these particles are composed from the benthic fluff layer is correct, then this may
also account for the earlier peak in particles ahead of event 1 in hour 4, given the readiness
of this fraction to be resuspended.
Further evidence for this activity can also be seen in week 3 (Figure 5.5b). Once again,
maximum τ0 exists at survey hour 4, yet the largest peak in the lowest depth interval occurs
in the preceding hour. This is also found to be the case for the two shallower intervals,
though for a markedly reduced number of particles. With the lower bin, an immediate
reduction in particles is observed for the following two hours. This pattern is repeated for
the other intervals, before a similar increase to a peak in both cases as that which was seen
in week 1. Interestingly, from hour 9 to the end of the week 3 survey, a comparable pattern
for all three of the selected intervals is shown. The peak prior to event 3 is very apparent,
prior to an immediate reduction in particle number for the small fraction. Maintaining the
assumption that these particles are rapidly settling would appear to hold, as fewer particles
exist in the 35-40 m depth bin. However, the immediate peak that follows is suggestive
of an inconsistent pattern of tidally-driven resuspension at L4, with clear asymmetry both
within and across tidal cycles. Whether this pattern also exhibits variability as a function
of season will be explored in a later section.
For both the counts of the larger and smaller fractions, it is evident that resuspension
events at L4 are limited in the extent to which particles will be entrained further up into
the water column. This suggests that BBL thickness is less of a limiting factor on SPM
transport here, and that perhaps it is a function of the moderate level of bed stress and how
this will change throughout the tidal cycle. Resuspension of material is largely restricted
to spring tides, and the indication from Figure 5.5 is that despite the water column in week
3 exhibiting the thickest BBL, the number of particles ejected up to shallower depths is
lower than in week 1. Further complicating this issue, though, is the presence of large
numbers of gelatinous biological particles which could also be a factor in whether, un-
der similar conditions of flow, particle type may govern whether material will undergo
resuspension.
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5.1.4 Particle size and the Kolmogorov length scale
As an extension to the particle counting, the non-planktonic particles were also sized by
using an in-focus, reconstructed image. Each particle was identified and sized based upon
the MAL. Only particles greater than 200µm were selected, ensuring that the majority
of this population were more likely flocculated in nature, as opposed to smaller mineral
grains that are abundant at L4. An illustration of the number of particles observed that are
of a size that is greater than lk is displayed in Figure 5.6. Here, the actual particles that
have been identified within each 5 m depth interval are shown as a single cross. The mean
lk for each of the depth intervals is shown by the marker joined by the line to illustrate the
trend. The three selected events are as labelled, as is each survey. For event 1, particles
greater than lk exist across all weeks. However, there are far fewer particles observed
during week 2, where the neap tide ensures that lk remains almost entirely above 2000µm.
Recalling the scaling that is applied to the holocam data, a single cross represents the
potential for many hundreds of flocculated particles to exist within a single litre of sea
water. Where the largest potential for particles to exceed this theoretical restriction of
size appears to be during resuspension, with the clearest example being during week 3
that shows very many particles greater than lk. Event 1 displays the lowest lk throughout
the tidal surveys, also coinciding with the greater number of particles as highlighted by
Figure 5.3.
Event 2 corresponds to the periods of weakest flow for each of the weeks. For weeks
1 and 2, almost all of the particles counted remain below lk, as the low level of turbulence
yields the largest values observed for the entire period. Week 3 differs slightly, as several
particles were observed to exceed the Kolmogorov length scale throughout the water col-
umn. As was suggested in the previous section, this could well be an artefact of the more
intensive turbulence ejecting these large particles some distance up through the water col-
umn, and what is observed at this point in the tidal cycle is the settling of some of those
particles, which could also have grown in size through interaction with other particles
present. The following Chapter highlights that a large number of gelatinous biological
particles are present throughout these surveys, but nowhere more so than during week 3.
It is quite likely that the presence of such particles in high numbers would also contribute
to the potential for these non- biological particles to aggregate, and this point is further
explored in Chapter 7.
The second period of enhanced τ0, event 3, examines the period of less-intense turbu-
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lence closer to the bed, and this is perhaps reflected by the identification of fewer particles
exceeding lk. Similar values for lk are shown for both weeks 1 and 3 with both around
1000µm, with the expected higher value above 2000µm for week 2. Again, a greater
number of particles are observed in week 3, but closer to the bed from the 40-45 m inter-
val and below.
It is not typical for comparable studies of the relationship between turbulence and floc
size to analyse this agreement on a particle-by-particle basis. Indeed, with instruments
such as the LISST this would be impossible due to the particle statistics being inferred
from scattered light, rather than by observing the particles themselves. Moreover, the
general method employed would be to take a simple mean or median particle size prior
to the comparison with a depth-averaged value for lk, as in the case of van der Lee et al.
(2009) and Braithwaite et al. (2012). If a similar approach was adopted for this work, it
would have the effect of masking the occasions where this theoretical upper limit of floc
size has been breached.
Figure (5.7). Illustration of the importance of the chosen mechanism by which a potential
relationship between floc size and turbulence may be assessed. Each point represents the
mean particle size for every 5 m depth interval for all the events of weeks 1, 2 and 3. The
straight line indicates the 1:1 relationship.
This potential discrepancy is illustrated by Figure 5.7. This plot was created by us-
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ing mean values of particle size for each of the depth intervals in each of the events for
weeks 1 and 3. Naturally, this has had the effect of smoothing out the particle sizes, and
the departure from the theoretical limit displayed by Figure 5.6 is now absent. That is,
all particles falling below the 1:1 line implies that the theoretical limit to the maximum
possible floc size exists, with no exceptions. It is likely that other studies record flocs
that are of a size in excess that of a given lk, but the instrumentation used only allows for
bulk averages to be used. In this work in using the holocam, with the advantage of being
able to identify and manually work with each particle in situ, there is a high degree of
confidence attributed to the size of each floc. Additional discussion of the limitations of
similar work will be left for Chapter 7. The seasonal component of these campaigns may
be important, given that there was a high number of biological particles for each of the
surveys in April 2010. It may be the case that the many particles that are observed to exist
above lk are a response to the biology, which will be further explored in the following
section that assesses the behaviour of particles during summer.
5.2 Seasonal comparison
A complete comparison with the spring-neap-spring cycle of weeks 1, 2 and 3 was not
possible due to unfavourable weather conditions restricting the summer campaigns to
a full spring tidal cycle (week 4) and half of a neap tidal cycle (week 5). The broad
overview of these two surveys is again provided by the MSS and holocam. With respect
to bed stress, τ0, Figure 5.8 shows that similar maximum values are present in week 4 as
for the corresponding spring tide surveys in April. The dominance of the ebbing tide is
also shown. Maximum τ0 of 0.18 N m−2 occurs during hour 4 and then reduces markedly
to a minimum of 7 x 10−3 N m−2 in hour 9. The bed stress does not increase much beyond
this level despite the increase in flow speed on the flood tide. This is also reflected in
the plots for volume concentration and turbulent dissipation. Particularly noticeable is the
degree to which the upward progression of turbulence is apparently constrained by the
presence of the σT = 26.7 density contour. A noticeable peak in the concentration occurs
at the same point as the maximum τ0.
The lack of a full tidal cycle for the week 5 survey is unfortunate. The contours of
density confirm that conditions are more mixed than the previous week, though the water
column remains weakly stratified closer to the surface at depths shallower than 10 m.
The resulting plot of volume concentration is perhaps reflective of this situation, with the
holocam indicating that the suspended particles are more widely spread from the surface
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to the bed. As was the case for the previous section, the remaining analysis is driven
by focusing the data into events. For week 4 it is survey hour 4 that is termed event 1
(maximum τ0) and survey hour 9 that is termed event 2 (minimum τ0). For week 5 it is
hour 1 for event 1 and hour 5 for event 2.
The final campaign forming part of this work was undertaken in the Autumn of 2010
on the 22nd September, week 6. Only one campaign was conducted in this season during
spring tides. The context of this survey is given by Figure 5.9. Measurements were con-
ducted across only 11 hours during week 6 due to the combination of equipment failure
in conjunction with unfavourable weather conditions. At the mid-point of the survey, the
meteorological conditions worsened as was shown in the previous Chapter. The impact
this has had on the water column is illustrated by the contours of density, whereby the
thermohaline field moves from a state of weak stratification to more mixed from around
survey hours 7 and 8. As acknowledged in the previous Chapter, though, this is likely to
be largely a result of a new water mass being advected from the south into the sampling
window.
For week 6, hours 3, 6 and 9 represent events 1, 2 and 3 respectively. A notable feature
that stands in contrast to the previous campaigns is the lack of asymmetry in τ0 between
the ebb and flood. This could be a result of the additional surface forcing highlighted in
Section 4.4.1 reaching the bed. Generally, bed stress is lower than that observed in the
surveys of the spring and summer. The largest values occur during hours 3, 9 and 11 of
0.12, 0.11 and 0.13 N m−2. The plot of volume concentration indicates that resuspension
of material from the bed appears to occur during the latter part of the survey, though there
is a marked absence of a similarly strong peak in particle concentration during event 1.
5.2.1 Distribution of suspended particles
The calculation of the junge-like power-law slope gives the first indication of any seasonal
variation in the response to resuspension events. The ND for weeks 4 and 5 are displayed
in Figure 5.10. Broadly, the slopes are similar for each event across both weeks, as ev-
idenced by the m exponent values. During event 1, week 4 exhibits a marginally flatter
profile indicating that a fewer smaller particles are present. For week 6, there is little vari-
ability displayed between the events as the number of particles present remains generally
consistent as size increases (Figure 5.11). The corresponding power-law values for all
weeks are in Table 5.2
As expected, variability exists toward the larger end of the size range, as was also
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Figure (5.9). Data from autumn 2010. The top row displays the volume concentration from
the holocam, followed by ε, with the lower row showing the calculated bottom stress, τ0,
shaded region here indicating 1 S.D about the mean. The vertical dashed line on each of the
plots denotes the time of high water, the contours represent values of σT , and the dashed
boxes events 1, 2 and 3.
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Figure (5.10). Particle Number Distribution for the surveys of week 4 and 5. Plot (a)
represents the depth-averaged ND at the event 1 time point, with (b) showing event 2
Figure (5.11). The depth-averaged Particle Number Distribution for the week 6 survey.
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observed during the campaigns in April 2010. Overall, the m exponent does depart from
those displayed in Table 5.1 in being larger, with the expectation therefore that fewer
large particles will be observed overall. This will be tested in the following section with
the population counts. The distribution shown in Figure 5.10b for event 2 displays little
by way of variability between the two events, with almost identical m exponent values of
-2.94 in week 4 and -2.92 in week 5. As with event 1, these m exponents are again steeper
than those seen in previous weeks indicating that there may well be a seasonal influence
on the range of particles present at L4. Whilst this is intuitive for particles of a biological
origin, the response of non-biological particles with respect to their shape and size in situ
remains unknown, but is also tested in the sections that follow.
For week 6, the values for the m exponent are comparable with those of weeks 1, 2 and
3. Therefore, it should be anticipated that on the whole a greater number of larger particles
should be present in line with the flatter profiles of each of the distributions. However,
this may again be a function of the way that the ND is calculated. Focusing on the junge-
like distribution alone may be misleading, and it is perhaps more important to identify
departures from this potentially simplistic measure (Reynolds et al., 2010). Events 1 and
2 are similar, with a notable decrease for event 3 as the profile steepens to yield a value
of -2.58. Given the deteriorating conditions this is perhaps not surprising as the increased
level of turbulence may have the effect of reducing the size of the particles. These ND
indicate that an additional seasonal influence may be at work here, as the generation of
the autumn bloom seems to have had a similar impact of that in spring with a largely
increasing particle size from that displayed in the summer.
Table (5.2). Range of m exponents calculated for each of the Number distributions dis-
played in Figure 5.10 and Figure 5.11
Event 1 Event 2 Event 3
Week 4 -2.99 -2.94 -
Week 5 -3.13 -2.92 -
Week 6 -2.23 -2.33 -2.58
5.2.2 Assessing variability in the non-biological population
The summer surveys focus upon two events only. The resulting counts from these periods
within the tidal cycle are displayed in Figure 5.12 and marked differences are observed
between the events. Event 1 in week 4 shows an increased number of particles > 200µm
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with depth. This is particularly so for the two lowermost bins, which are almost a factor of
two greater in number than the three bins above at 569 L−1 and 420 L−1 for the 40-45 m
and 45-50 m depth intervals respectively. This increase in the count for this population
coincides with the resuspension event brought about by the enhanced level of bed stress
during this period. Whilst similar incidents occurred during weeks 1 and 3 as shown in
the previous section, there is a noticeable decrease in the larger particles above what was
displayed under those comparable conditions.
Figure (5.12). Particle counts for the non-plankton population during Weeks 4 and 5. Each
bar displays the mean number of particles≥ 200µm in size for each 5 m interval, with error
bars indicating the S.E about that mean for the identified particles. Part (a) represents event
1 and (b) event 2
When comparing with week 5, a very different picture emerges. The maximum count
during this survey is 185 L−1, observed at the 40-45 m depth interval during event 1.
The overall contrast between the two weeks is further illustrated by the depth averaged
count for week 4 at 251 L−1 whereas for week 5 it stands at 108 L−1. The presence of
a greater number of particles during the week 4 survey is again a likely response to the
more energetic flow regime of the spring tide. The influence of seasonal change to the
environment is also a potential factor in the decrease in the presence of larger particles.
This is in agreement with the expectation brought about by the ND. The m exponents for
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the summer surveys are larger, indicating that small particles should dominate. However,
whether this observed range of exponents between the seasons is a sufficient metric to
adequately describe the nature of particle populations in shelf seas is further explored in
Chapter 7.
A similar contrast between the weeks emerges for the non-planktonic particles during
event 2. The depth averaged count for weeks 4 and 5 respectively is 211 L−1 and 103 L−1.
This is perhaps expected given the flow conditions at this point of the tidal cycle, however
during week 4 the enhanced number of particles present in the lowermost bin could be
indicative of larger, flocculated material settling at a slower rate and remaining in the
water column for extended periods following resuspension.
The single survey for autumn allows for all events to be encompassed within a sin-
gle plot, displayed in Figure 5.13. For all events down to the 35-40 m depth interval the
Figure (5.13). Particle counts for the non-plankton population during week 6. Each bar
displays the mean number of particles ≥ 200µm in size for each 5 m interval, with error
bars indicating the S.E about that mean for the identified particles
number of large particles is low relative to the other surveys. Further complexity is added
when referring to the increase to the m-exponent during event 3 (Table 5.2, which coin-
cides with the point in the survey where high numbers of large particles are detected. The
dominance of the smaller fraction in ratio to the larger fraction is the likely explanation
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and will be tested in the next section.
The increase to the number of large particles during the second period of resuspension,
event 3, appears to be the result of the increase to bed stress. However, the value for τ0
when compared to the previous spring tide surveys is relatively low. In addition, there
is no corresponding episode during event 3 despite almost identical levels of stress at the
bed. Further, increases are also displayed at the same intervals for event 2, where the level
of stress is negligible at 9.6 x 10−3 N m−2.
5.2.3 Resuspension and the smaller fraction
The smaller particle fraction for the region of the water column from a depth of 35 m and
below for the week 4 survey is shown in Figure 5.14. The peaks in Figure 5.5 ahead of the
Figure (5.14). Time series of particle counts from the automated reconstruction for all
particles≤ 200µm recorded by the holocam. This plot is for the spring tide survey of week
4 only to highlight the impact of resuspension.
strongest bed stress were attributed to the removal of the benthic fluff layer. Similar peaks
are not observed during this week for any of the selected depth intervals, as a slightly
more confused picture emerges. Closer to the bed within the 45-50 m interval, the largest
peak is established in hour 5, immediately following the first resuspension event 1. For the
shallower depths, peaks occur in hour 2 ahead of the strongest τ0, thus appearing to follow
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the pattern of the earlier surveys. However, this also coincides with a reduced count for
the particles closer to the bed rendering any relationship with a fluff layer less likely. For
all depths, for the period following hour 5 to hour 8, there is a reduction in the number
of particles counted by the holocam as the flow speed is reduced. Hour 8 represents
slack water, and it is also where the count falls to its lowest point, fewer than 250 L−1 in
the lowest depth interval, implying that rapid settling of particles following resuspension
is occurring. The lowest value for τ0 is observed during hour 9. For the two lowest
depth intervals, though, a sharp increase is displayed at the same point, and this pattern
is reflected in the manual counts where a similar increase in the non-plankton particles is
observed (Figure 5.12). This increase, therefore, cannot be attributed to resuspension and
settling of particles is proposed as the most likely explanation. Although minor, there is
a concurrent decrease in the particle count for the 35-40 m depth bin, which suggests that
this explanation is valid.
The overall trend for the holocam counts of this survey is a reduction in number from
the first hour to the last, the resuspension event aside, which is perhaps expected in light
of the patten displayed by the bed stress plot of Figure 5.8. In comparing the number
of particles observed between the seasons, however, there are consistently fewer particles
throughout the water column. For both weeks 1 and 3, the counts remained almost entirely
above 1000 L−1 for each of the three depth intervals. Although not considered until
the following Chapter, there were markedly fewer biological particles present with the
suggestion being that the absence of this component also impacts upon the non-planktonic
population, as there will be insufficient material to bind these particles together.
For event 3 in week 6, an increase in number of small particles is suggested by the ND,
and also for the depth intervals shallower than 35 m with the reduction in large particles
≥ 200µm (relative to the other surveys) displayed by the manual counts (Figure 5.15).
A similar pattern to that of the ND in Figure 5.11 is revealed, in that each of the three
counts follow a similar pattern ahead of the change in conditions brought about by the
strong meteorological forcing in the latter part of the survey. Event 1 occurs at survey
hour 3, and there is a corresponding increase in the count in each the three intervals, with
the closest region to the bed at 45-50 m giving the largest count in excess of 1000 L−1.
A reduction of the count is then shown, again for all three points in the water column.
Both the 35-40 m and 40-35 m intervals show near-identical counts at this time. As with
the summer surveys, no repeat of the ‘early’ resuspension ahead of the maximum τ0 is
observed again implying that the benthic fluff layer could be a function of season and
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Figure (5.15). Time series of particle counts from the automated reconstruction for all
particles≤ 200µm recorded by the holocam. This plot is for the spring tide survey of week
6 to highlight the impact of resuspension.
possibly also the presence of a specific particle type.
Following the immediate reduction in particles after event 1, the overall pattern for
each of the intervals is for the count to increase. Nowhere is this more apparent than at
the lowermost interval, where a striking peak occurs with a maximum recorded count of
over 5000 L−1 during event 3. This is the largest number of particles observed for any of
the events in any season. A concurrent peak is also displayed for the 40-45 m interval,
though the count here is lower at around 3000 L−1. Above this level, the count remains
broadly flat for the remainder of the survey. The rapid increase in particles is followed by
a marked reduction, with the final point in the survey showing a generally similar count
for all three depths.
It would seem at this point that the increase in particles will inevitably ensure that
larger particles will also be generated in the presence of enhanced turbulence. Naturally,
this enhanced turbulence will always be a balance between particle creation and destruc-
tion, but the suggestion here is that both may be occurring. Whether the large particles
are being created to the extent of exceeding the Kolmogorov length scale will be deter-
mined in the final section. Furthermore, this is evidence of the ability of surface forcing
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at L4 to play a role in the resuspension of material from the bed, particularly as these
particles are entrained further up into water column during a time of reduced tidal flow
and corresponding bed stress
5.2.4 Particle size and the Kolomogorov length scale
An identical procedure was followed as for that conducted for the surveys of weeks 1, 2
and 3, whereby every particle in each image was identified and sized before comparing
with the mean lk for a given depth interval. As noted when viewing the counts for both
Figure (5.16). Particle size in relation to lk for the summer surveys and targeted two events.
Each cross represents a single sized and identified particle from the image provided by the
holographic camera. The value of lk is an average for the given depth interval, with the
shaded region denoting 1 S.D about that mean.
the manual and automated methods, the summer surveys saw an overall reduction in the
number of particles present throughout the water column, which is further illustrated by
Figure 5.16. For the two selected events in these weeks, the contrast between the seasons
is apparent. There are only a few examples in each of these periods where the identified
particle is of a size greater than lk. This is expected for the neap survey when flow speeds
119
are lower and subsequent turbulent activity reduced. Indeed, the only point where values
of lk compare to that of the earlier surveys is during event 1 in week 4. The smallest
value for lk here is fractionally below 1000µm, in the 45-50 m depth interval where only
a single particle exceeded this size.
For the week 5 survey there are fewer particles still, but as displayed by the manual
counts the distribution is more homogeneous throughout all depths. The Kolomogorov
length scale rarely falls below 2000µm in these weeks ensuring that no repeat of the
April surveys occurs. Employing the same techniques as for the previous surveys, Figure
5.17 illustrates this comparison for the three events of week 6. It is immediately apparent
that there is no repeat of the situation observed during the surveys in April, with only
two particles greater than lk observed during event 3. The characteristic patterns of lk
are present, however, with the reduction at the bed in conjunction with the increase in
dissipation, followed by the increase in the middle of the water column and the subse-
quent reduction as the surface is approached and increased dissipation from wave activity
becomes important.
During week 6, lower levels of turbulence are present for events 1 and 2 when com-
pared to the similar flow regimes of the spring and summer. For event 1, the lowest value
of lk at the bed is slightly under 1500µm. Coupled with the presence of generally fewer
particles, and stark differences in the component parts of the SPM population, at no point
during this event does any particle exceed lk. The same is true for event 2, however this
point in the tidal cycle is where τ0 is smallest, so the corresponding lk is therefore large.
As illustrated by Figure 5.13, the particle count increases substantially in response to the
change in the turbulent environment. Closer to the surface, the lowest values of lk for the
entire survey are observed at around 900µm. Despite this lowered value, however, no
particle is identified with a size that exceeds this threshold. The increase in wind stress
toward the latter part of week 6 has ensured that turbulence at the surface is greater than
that brought about by tidal forcing at the bed, replicating what was seen in event 2 of
the week 4 survey (Figure 5.16), where there were also no particles observed above lk.
It would seem that under these more intensive turbulent conditions, the balance between
particle creation and destruction lies with the latter, although there remains the question
of whether under similar conditions, in the presence of a greater number of particles that
might aid flocculation, the same response observed during the April surveys would also
occur here.
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5.3 Summary
The seasonal and tidal variability of the physical forcing exhibited by L4 impacts greatly
upon the SPM environment. The focus of this Chapter has been on the response of par-
ticles to resuspension events, the analysis of which has been made possible due to the
concurrent measurements from the MSS and holocam. Throughout each season the par-
ticulate regime has displayed markedly different characteristics.
The timing of the April surveys was fortunate, in that it allowed for a close examina-
tion of the extent to which variation in flow generates quite different resuspension events,
in particular with the amount of material entrained up into the water column. The level of
bed stress here is comparatively low, and is therefore perhaps surprising that resuspension
of mineral grains and more dense material occurs at all. Nevertheless, the images pro-
vided by the holocam confirm that this does occur, implying that previous studies under
similar conditions may have under-estimated the amount of material lifted from the bed.
The large number of examples where flocculated particles exceed the theoretical upper
limit of size imposed by turbulence has not been previously observed, though that this
was only observed during the surveys in April indicates that this could well be a function
of the type of biological particle present. It is convenient, therefore, that the holocam
is not restricted to assessing particles of a single type, but allows for the analysis of all
marine particles.
It is disappointing that the unseasonable conditions did not allow for a complete com-
parison of the April surveys throughout the summer and autumn. However, sufficient data
was collected to enable the consideration of how the distribution of particles is altered
throughout the year. Whether similar differences are observed for biological particle pop-
ulations is left to the following Chapter, the final description of the results obtained for
this thesis.
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Chapter 6
Suspended Particle Dynamics at L4 - biological
particles
The movement and transfer of biological particles, and the potential for the distribution
of particles of this type to be influenced by changing physical conditions, is the principal
focus of this Chapter. The main purpose is to track and evaluate populations of biological
particles across tidal cycles, observing and quantifying the response to turbulent events
and variable tidal flow. A further objective will be to quantify if there is a measurable
interaction between the biological and non-biological fraction detailed in the previous
chapter. In addition, it will also be possible to compare whether there is any agreement
between the numbers of zooplankton recorded by the holocam and those that are provided
by more traditional measurements, such as plankton nets. Finally, each of these objectives
will be examined to determine whether there are discernible differences related to seasonal
change.
The image analysis provided by the holocam allows for distinctions to be made be-
tween particle populations which other instruments are unable to provide. All of the par-
ticles observed by the holocam have therefore been separated into three populations. The
non-biological, or non-planktonic population was described fully in the previous chapter.
Here, the particles are further separated into two sub-populations for the biological frac-
tion. These populations are phytoplankton, and, although strictly not a suspended particle,
zooplankton. The structure of this chapter will mirror that of the previous, whereby the
detailed spring-neap-spring surveys of April 2010 will be considered first, followed by
comparisons with the surveys in summer and autumn.
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6.1 Spring 2010
6.1.1 Background density, fluorescence and particle concentration
The fluorometer housed on the MSS and used in this work was not calibrated, therefore all
measures of fluorescence are displayed in arbitrary units relative to the measured change
in voltage.
Figure (6.1). Parameters obtained from the MSS measurements and holocam. The top row
displays density, middle row particle volume concentration from the holocam and bottom
row fluorescence for each of the three surveys during April 2010. The vertical dashed lines
mark the point of high water for each survey.
The volume concentration and fluorescence plots for weeks 1 to 3 (Figure 6.1) appear
to show some relationship with the density, in that marked increases in both occur be-
low the pycnocline. The non-biological fraction has already been analysed, where part of
the increase in total particles closer to the bed is attributed to resuspension activity. The
fluorescence data displays strong signals at particular points in the water column, particu-
larly during weeks 1 and 3. Whether these signals accurately reflect changes to the larger
fraction of biological particles will be addressed in the section that follows, as the bio-
logical particles that contribute to the total can be assessed through the manual counting
technique.
To further highlight the apparent relationship between the peaks in fluorescence and
density, depth- and temporally-averaged profiles for the entire tidal cycle are displayed in
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Figure 6.2. Whilst the lack of calibration does not allow for a direct comparison between
Figure (6.2). Average profiles of density (a) and fluorescence (b) for the tidal surveys of
April 2010.
these observations and the values of chlorophyll obtained from other studies, it is reason-
able to consider these measurements as a suitable proxy, given the goal of this work is not
to yield absolute values of phytoplankton biomass, but rather to track particle populations
using the technique of image analysis.
The relationship between fluorescence and density changes quite markedly as the sur-
veys progress through the spring-neap-spring cycle. In summer, it is well established that
the expected maximum in chlorophyll within a stratified water column will be situated
within or at the foot of the pycnocline (e.g. Hickman et al., 2009). When observing plot
(a) of Figure 6.2, there is a weak agreement between the position of maximum observed
fluorescence and pycnocline position. Week 1 does contain the strongest stratification
of each of the three periods, however it is perhaps unreasonable to expect such a maxi-
mum in the fluorescence measurement to be present prior to the establishment of stronger
stratification later in the year. For the remaining weeks 2 and 3, the average fluorescence
measurements more closely follow those of density. The fluorescence values show in-
creases of a factor of six and ten for weeks 2 and 3 respectively for the difference between
the surface and sea bed. The week 3 increase in fluorescence is perhaps better illustrated
by Figure 6.1.
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6.1.2 Assessing variability in plankton populations
Traditional studies of plankton ecology rely on the use of invasive sampling techniques,
either water sampling or by using towed plankton nets. Also, the popular application of
instruments such as the Laser in situ Scattering and Transmissometer (LISST) has been
recently shown to be unreliable when attempting to quantify non-spherical natural particu-
lates (Mikkelsen et al., 2005; Davies et al., 2012). In addition, when using this instrument
to evaluate changes to the distribution of biological particles, and phytoplankton in par-
ticular, it is unclear whether the LISST is the appropriate tool in light of the range of
shapes exhibited by phytoplankton in the natural environment (McCandliss et al., 2002;
Karp-Boss et al., 2007). Given that information on particle size and distribution is of great
importance to studies of plankton ecology, it is apparent that a new approach incorporat-
ing the latest technology is required.
Questions on the validity of using traditional sampling methods such as towing fine-
mesh nets through the water column in order to estimate zooplankton population density
have been recently raised (Remsen et al., 2004; Riccardi, 2010). The ability to accurately
measure zooplankton density is critical when modelling ecosystem dynamics and assess-
ing the relationship between these animals and the energetic environment in which they
reside. Typical problems encountered when using this readily accessible and inexpensive
tool include avoidance, clogging of the net and escape from the net of the sample of in-
terest (Riccardi, 2010). Values obtained for counts of zooplankton when using WP-2 nets
with a mesh size of 200µm are often under-represented (Gallienne and Robins, 2001).
Difficulties in quantifying this under-representation stem from the inability to confidently
enumerate zooplankton populations in situ, a problem that is in part addressed by the work
presented here.
6.1.2.1 Phytoplankton
The same three events anchored to the calculated peaks in bed stress that were identified in
the previous chapter were utilised. Again, all particles ≥ 200µm were counted to assess
if variability exists across each of the three events. As with the non-planktonic fraction,
in performing the counts the particles in each image are selected and placed within a 5 m
depth bin. This allows for the subsequent calculation of the average number of particles
per litre within each bin.
There are substantially greater numbers of phytoplankton observed here than for each
of the other two populations. Qualitatively, the phytoplankton population is dominated
126
Figure (6.3). Particle number counts for the Phytoplankton population during April 2010.
Plot (a) represents event 1, (b) event 2 and (c) shows event 3 for the three surveys.
by Skeletonema spp., followed by Chaetoceros spp. with many Guinardia striata present,
examples of which are illustrated in Figures 3.9 and 3.10. Similar to the non-plankton
count, higher numbers of particles are recorded during week 1, and toward the surface
in particular where the recorded count is above 1500 L−1 in both of the two uppermost
depth intervals. This is not repeated in either of the other surveys, and it is only during
week 2 that the count again is above 1000 L−1, with counts of around 600 L−1 being more
common in week 3. It should be noted here that a single phytoplankton particle according
to this classification may comprise of a number of individual cells. Comparisons to other
studies that employ cell counts as a measure of phytoplankton biomass have not been
conducted and do not form part of this thesis, however such a comparison may be possible
using the holocam data. As with the manual counts, this would need to be achieved by
reference to each image by an individual user. This is likely, therefore, to be a somewhat
time-consuming exercise.
For event 2, the count exhibits similar trends to that of the first event, with greater
numbers of particles present in the upper depth intervals, the maximum for this population
of 1800 L−1 is seen in the 10-15 m bin for week 1 which is a factor of three more than
that observed at the same depth during week 3. Beyond this depth, the counts for weeks
1 and 2 are comparable, both yielding similar numbers but rarely going above 1500 L−1
and consistently remaining above 1000 L−1 throughout the extent of the water column for
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both surveys. In sharp contrast, the pattern for week 3 is repeated here as again relatively
lower numbers of phytoplankton are seen in any given depth interval, though despite the
reduction in number it is still the diatom Skeletonema spp. that dominates.
Event 3 during week 1 displays counts of this phytoplankton that are considerably
greater than those of weeks 2 and 3, particularly in the upper 20 m of the water column.
At no other point during any of the depth intervals does the count exceed 1500 L−1, per-
haps indicating that the values identified during the latter part of the week 1 survey are
exceptional. The fluorescence signature for this period reflects the count in the upper
three depth intervals, in addition to the reduction observed within the pycnocline before
the phytoplankton population builds again in the lower depths (Figure 6.2). This pattern
is not repeated for either the week 2 or 3 survey. The counts for these weeks in the same
upper three depth intervals are relatively lower and broadly similar, with counts typically
in the region of 500-850 L−1, frequently a factor of two lower than week 1. The consis-
tent domination of diatoms as the most abundant population of larger particles continues
at this stage of the tidal cycle for each of the three weeks, although not without a large
degree of inter-tidal variability, which is also the case for the other populations under con-
sideration. The potential for this peak in phytoplankton to be associated with advection,
as opposed to a spontaneous bloom event, is considered in the discussion Chapter.
6.1.2.2 Zooplankton
The variability demonstrated during this period for zooplankton is high (Figure 6.4). The
images recorded during week 3 consist of biological particles that are very different in
character to either of the previous weeks, as the presence of what are probable examples
of the planula larvae of jellyfish dominate the water column (Figure 6.5). These particles
are also present throughout each of the surveys, but to a lesser extent. The counts for
week 1 above 30 m contain no planula, returning a selection of animals (examples of
which are shown in Figure 6.6). Each of the images has been extracted from the full,
reconstructed hologram following identification of the particle of interest. Many more
of these animals were captured by the holocam than were returned by WP-2 net trawls
throughout the entire sampling period (data provided by the WCO). The pattern broadly
continues for weeks 2 and 3, as the majority of planula are found at depths lower than
the pycnocline. In week 3 during the event 1 period the zooplankton count reaches its
maximum of 312 L−1 at the 35-40 m depth interval, the depth-averaged value for this
point being 196 L−1. This compares to depth-averages of 117 L−1 for week 2 and 55 L−1
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for week 1, illustrating the impact that the increased number of planula have on the total
zooplankton population.
Figure (6.4). Particle number counts for the Zooplankton population during April 2010.
Plot (a) represents event 1, (b) event 2 and (c) shows event 3 for the three surveys.
For event 2, a similar picture is presented. Once more the greatest number of particles
are seen during week 3 with counts in excess of 200 L−1 for all but the uppermost two
depth intervals. There are higher numbers of this population present in week 2 when
compared to week 1, however for both of these periods counts of less than 150 L−1 are
more common. A reflection on the lower number of planula present in week 1, the depth-
averaged values here are 52 L−1. This compares to 109 L−1 for week 2 and 178 L−1 for
week 3.
The pattern of zooplankton counts with depth exhibited by events 1 and 2 continues
for the third event, as again numbers of this population increase when below 30 m. No-
ticeably, however, the maximum number of zooplankton recorded during this event is
lower at 228 L−1, which on this occasion is seen at the lowest interval of week 1. For
week 2, the zooplankton count does not exceed 160 L−1 and remains relatively stable at
the shallower intervals which is a feature of this population during this survey across each
of the selected events. Overall, and again a reflection of the presence of planula, it is week
3 with the highest depth-averaged values of 162 L−1, compared to 77 L−1 for week 1 and
102 L−1 for week 2.
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Figure (6.5). A selection of the probable planula larvae which increased the zooplankton
population count substantially in each of the weeks, but markedly so during week 3. The
scale bar in each image is set to 1000µm. These examples are unreconstructed normalised
raw images.
6.1.3 Zooplankton species and net counts
A lower number of zooplankton particles are observed when compared to the counts of
the other two populations, which is generally the expectation at L4 given the dominance
of phytoplankton (Widdicombe et al., 2010). As with non-plankton particles, though, this
may well be a function of season.
Table (6.1). Comparison of depth-averaged counts of zooplankton populations across
Weeks 1, 2 and 3.
WP-2
Planula
(L−1)
WP-2
Other
(L−1)
Holocam
Planula
(L−1)
Holocam
Other
(L−1)
Holocam
Total (L−1)
Week 1 0 3.6 47.4 14.0 61.4
Week 2 0 3.7 92.0 17.3 109.3
Week 3 0 2.2 157.2 21.3 178.5
Mean N(L−1)±S.D 0 (0) 3.2 (0.76) 98.9 (55.2) 17.5 (3.7) 116.4 (58.9)
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Figure (6.6). A selection of zooplankton that do not fall into the category of planula.
Image (a) shows a copepod; image (b) is a probable example of Oikopleura spp.; image (c)
an undetermined ascidian larvae; image (d) another example of Oikopleura spp. ; image (e)
a crustacean larvae; image (f) a further copepod example.
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Comparisons to the population counts of the WCO assessed by using WP-2 nets for
the same period are shown in Table 6.1. It should be noted here that each use of the
plankton net was conducted two days prior to each of the surveys, however differences
between the two sampling techniques exist for all three weeks. Eloire et al. (2010) con-
ducted a long-term investigation into zooplankton composition at the L4 site, utilising
data from the previous 20 years. The mean peak in zooplankton population occurs in
April, with the average number of zooplankton equating to 4.5 L−1 with Copepods mak-
ing up as many as 90% of this number. With some of the recorded counts in this study
indicating a population of many times this, it would appear that the use of a WP-2 net
alone may be considerably under-resolving the zooplankton population at L4.
For the holocam data, Table 6.1 shows the depth-averaged zooplankton count for the
three casts relating to each of the events for weeks 1, 2 and 3. A distinction has been made
between Planula larvae and ‘other’ zooplankton, typically the Copepods or Appendicular-
ians that strongly impact upon the ecosystem dynamics of coastal and shelf sea systems
(Gowen et al., 1999; Gallienne and Robins, 2001). This has been done to account for the
likely seasonal nature of the planula population, focusing on the zooplankton which are
important grazers of phytoplankton and, with respect to the Appendicularians, contribu-
tors to particulate organic matter (POM) (Hopcroft and Roff, 1998). It is unfortunate that
concurrent water samples were not obtained alongside the holocam casts in order to effect
a more explicit comparison. However, the recorded number of non-planula zooplankton
is consistently above that captured by the WP-2 net by a factor greater than five and the 20
year average for April reported by Eloire et al. (2010) by almost a factor of four. Further,
the reported counts are for the region of the water column from 5-50 m, as opposed to the
bed to the surface as would be sampled by the WP-2 net. Owing to this artificial short-
ening of the total sample volume, the depth-averaged holocam counts shown in Table 6.1
are likely to under-estimate the total number of zooplankton.
6.1.4 Interaction of particle populations
This section explores both the intra- and inter-tidal variability displayed by both plankton
populations. There are markedly fewer phytoplankton present in week 3, at a time when
both turbulence and zooplankton numbers are increased. This reduction coincides with
an increase in the non-planktonic fraction, as identified in section 5.1.2 of Chapter Five.
There remains the potential, therefore, for the reduction in phytoplankton to be explained
by the increased turbulence having the effect of reducing the size of the identified particles
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Figure (6.7). Ratio of non-plankton particles to plankton for each of weeks 1, 2 and 3 (plots
(a), (b) and (c) respectively). The three events for each of the surveys are as labelled.
below the threshold value of 200µm. In addition, aggregation occurring as a result of
the increase in gelatinous particles may also be considered likely, given the potential for
diatom chains to be broken by enhanced mixing, sticking to both the increased number
of gelatinous planula and also mineral grains, entrained up into the water column through
resuspension.
Figure (6.8). Ratio of zooplankton particles to phytoplankton for each of weeks 1, 2 and 3
(plots (a), (b) and (c) respectively). The three events for each of the surveys are as labelled.
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Ratios of the number of non-planktonic particles to the total plankton count were
calculated, whereby values  1 indicate that the identified particles are dominated by
plankton, and vice versa (Figure 6.7). For weeks 1 and 3, a shift to higher values of the
ratio occurs, particularly at depth which is not unexpected as it is at this point that the
greatest number of non-planktonic particles are observed. Events 1 and 3 highlight this,
especially so during weeks 1 and 3.
The ratio of total zooplankton to phytoplankton is displayed in Figure 6.8. As with the
previous ratio, values  1 indicate a greater number of phytoplankton are present. The
increase in zooplankton in week 3 is reflected here, with each of the three events shifted
to the right of Figure 6.8(c), further emphasising the presence of the planula larvae. The
explanation offered above with respect to the reduction in phytoplankton is not entirely
validated by these ratios at this point in time, as will be discussed further in Chapter
Seven. Further evidence will be provided in the following section, however, as the chang-
ing population of zooplankton with seasons will likely impact upon particle interaction
markedly.
Remaining with the assumption that the reduced number of phytoplankton in week 3
is attributed in part to enhanced mixing, there should be an observable difference in the
ND between weeks 1 and 3. However, this could equally be brought about by advection of
a new population into the sampling window. Figure 6.9 shows such a difference between
the particles recorded by the holocam for all casts during weeks 1 and 3. As expected,
there are a greater number of larger particles present during week 1. The m exponents are
-2.36 and -2.74 for weeks 1 and 3 respectively, further suggesting that there is a change
in particle size between the two surveys.
6.2 Seasonal comparison
The measurement campaigns of summer were timed to capture the period where strati-
fication would most likely be stronger, whilst the autumn campaign hoped to capture its
breakdown, and also to observe when the particle population dynamics might be substan-
tially altered from that seen in weeks 1, 2 and 3. This section begins by examining how
these changes impact on the fluorescence signal, ahead of analysing the particle counts to
highlight differences between the seasons for both phyto- and zooplankton.
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Figure (6.9). Average Number Distribution for all particles recorded by the holocam in
weeks 1 and 3 ≥ 200µm.
6.2.1 Background density, fluorescence and particle concentration
The full tidal cycle for the spring tide survey of week 4 is displayed in Figure 6.10.
For week 4, there is a strong fluorescence signal for the entire survey at the base of the
thermocline, as has also been observed in locations further west of L4 in the Celtic Sea
(Hickman et al., 2009). This signal broadens toward the end of the survey, spreading
across a wider section of the water column and is also increased closer to the surface
from around survey hour 9 in a similar fashion to that seen in week 1. With respect to
the total volume concentration observed from the holocam, there is a similar response to
the fluorescence signal, with enhanced values of close to 3µL L−1 at the same points in
the tidal cycle. The depth-averaged surface to bottom density difference of 1.0 kg m−3 in
week 4 is greater than that of week 1, the period of strongest stratification in the April,
which stands at 0.70 kg m−3.
For the week 5 survey, more vigorous mixing has resulted in a partial erosion of the
thermocline. The depth-averaged surface to bottom density difference is lower here, at
0.79 kg m−3, though this is still greater than that of the April surveys. The reduction
in strength of the thermocline is reflected in both the plots of fluorescence and particle
volume concentration. The holocam displays peaks again close to 3µL L−1 but spread
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Figure (6.10). Parameters obtained from the MSS measurements and holocam. The top row
displays density, middle row particle volume concentration from the holocam and bottom
row fluorescence for each of the three surveys during Summer 2010. The vertical dashed
lines mark the point of high water for each survey.
throughout the water column and not focused in one particular area. A band of fluores-
cence is still observed within the same region as week 4, although this is weaker and more
diffuse.
The contrast between the two weeks, and the relationship between fluorescence and
density is displayed in Figure 6.11. Once more these are depth- and temporal-averages.
The strong peak in fluorescence exists at around 13 m, close to the bottom of the thermo-
cline for week 4. The same peak appears in week 5, but is less than half the strength. As
noted in Chapter 4, advection of these particles may have contributed to the reduction in
the strength of this signal in addition to dispersal brought about by vertical mixing. The
depth-integrated values of fluorescence between weeks 4 and 5 are markedly different,
yielding values of 150 and 97 (arbitrary units) respectively.
Figure 6.12 shows the week 6 plots for density and fluorescence from the MSS and
particle volume concentration from the holocam. As demonstrated in Chapter 4, from
around hour 6 the meteorological conditions began to deteriorate. The average surface to
bottom density difference for the period comprising survey hours 1 to 7 is 0.45 kg m−3,
but for the latter period of the survey reduces to 0.34 kg m−3. This change in mean den-
sity indicates that advection of separate water mass has occurred, as opposed to vertical
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Figure (6.11). Average profiles of density (a) and fluorescence (b) for the tidal surveys of
July and August 2010.
mixing further homogenising the water column. These values are comparable with those
seen in the surveys of weeks 1, 2 and 3.
The plot from the holocam of volume concentration in Figure 6.12 displays a gradient
of increased to lowered concentration from the initial period of the survey to the latter
part, following the increased level of wind stress. Particle concentration is higher that that
seen in the summer, with maximum values repeatedly observed to be above 6µL L−1,
often a factor of two greater than weeks 4 and 5. Generally fewer particles are present
than in the April surveys, where concentrations often exceeded 10µL L−1. The thicker,
more pronounced band of fluorescence begins to be dispersed from around hour 7, and
for the remaining part of the survey does not achieve the same values.
It is notable how the density plot of Figure 6.12 may have the effect of exaggerating
the mixing, particularly when referring to the depth profiles of Figure 6.13. The profiles
produced for this survey split the campaign into two parts, with plot (a) considering the
early part of the survey up to and including hour 7, and plot (b) formed from the remain-
ing four hours. These average values do not adequately display the change in density,
however the fluorescence profile does indicate the impact of advection and mixing by
homogenising the signal from around a depth of 20 m, and also by yielding an overall
reduction in the upper part of the water column. In particular in these shallower depths,
the peak in fluorescence is narrower and the recorded relative voltage is reduced.
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Figure (6.12). Parameters obtained from the MSS measurements and holocam. The top row
displays density, middle row particle volume concentration from the holocam and bottom
row fluorescence for each of the three surveys during Autumn 2010. The vertical dashed
line marks the point of high water for the survey.
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Figure (6.13). Average profiles of density (a) and fluorescence (b) for the tidal survey of
September 2010. These plots illustrate the initial seven-hour period of the survey ahead
of the episode of enhanced wind stress, and the remaining four hours of the survey (as
labelled)
6.2.2 Assessing variability in plankton populations
For weeks 4 and 5, event 1 represents hours 4 and 1 respectively, with hours 9 and 5
constituting event 2. Although there was no corresponding neap survey with which to
compare the results from week 6, the analysis of this survey was also broken into separate
periods of interest. On this occasion, hour 3 represents event 1, hour 6 event 2, and event
3 is hour 9.
6.2.2.1 Phytoplankton
Differences occur for the phytoplankton population, more notably between events 1 and
2 of week 4. Referring to the relative measure of fluorescence displayed in Figure 6.11, it
is apparent that a similar increase in the phytoplankton population to that observed during
week 1 is present. As with week 1, fluorescence increases throughout the survey toward
the surface as the survey progresses through the tidal cycle. This is in addition to the
marked, elevated region of fluorescence that appears to be consistent with the bottom of
the thermocline. Also reflected in the counts, the maximum number of phytoplankton
particles exceed 2500 L−1 on two occasions at the 10-15 m and 15-20 m depth intervals
during week 4 (Figure 6.14b). During event 1 in week 4, the population counts broadly
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reflect the fluorescence measurement from the MSS, with enhanced counts in excess of
1000 L−1 between 10 and 20 m, before falling considerably below this value as depth in-
creases. A similar pattern exists for week 5, commensurate with the weaker, but nonethe-
less present, enhanced fluorescence signal at a comparable depth to that of week 4. The
same conditions persist for event 2, and is reflected by the counts for this stage of the tide
in week 5.
Figure (6.14). Particle number counts for the Phytoplankton population during July/August
2010. Plot (a) represents event 1, and (b) event 2 for the two surveys.
For events 1 and 2 of week 6, the casts of the holocam were conducted prior to the
more energetic surface forcing. The number of phytoplankton is markedly above that
which is observed in the later part of the survey. For event 1 in particular, many of the
depth intervals above 35-40 m contain counts above 2500 L−1, corresponding to the large
patch of relative fluorescence displayed by Figure 6.12. At no other time during any of
the previous surveys has the phytoplankton count been as high as that seen here, with the
depth-averaged value for this period reaching slightly more than 2000 L−1. The pattern
is similar for event 2, where individual values remain high relative to previous surveys,
albeit reduced in comparison to the earlier part of week 6. This is again in agreement with
the picture displayed by the measurement of fluorescence. The depth-averaged value of
phytoplankton particles for event 2 is lower as a result of this reduction, being around
1500 L−1.
Event 3, shown as the white bars of Figure 6.15, broadly follows the same pattern as
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Figure (6.15). Particle number counts for the Phytoplankton population during September
2010. Plot (a) represents event 1, (b) event 2 and (c) shows event 3 for the week 6 survey.
the two other periods, in that the largest values are observed closer to the surface before
reducing markedly with increasing depth. Only the uppermost two depth intervals contain
values greater than 1500 L−1, however, as the impact of advection begins to change the
phytoplankton population. The depth-averaged value for event 3 is slightly more than
1000 L−1, less than half of that for event 1. For all events the count is relatively low
for the bottom two depth intervals, however for the lowermost bin the count of event 3 is
marginally greater than that of the other events, although this is not statistically significant.
6.2.2.2 Zooplankton
For zooplankton, the variability between the weeks 4 and 5 is less marked. Of partic-
ular note is the absence of the planula larvae that were abundant throughout the Spring
surveys of weeks 1, 2 and 3. Thus, the numbers reflected by the counts in Figure 6.16
represent only those animals illustrated by the examples in Figure 6.6, that is organisms
that are ‘hard-bodied’ such as the Copepods and Appendicularians. The absence of any
zooplankton for a given week or interval is marked by a gap at the appropriate depth bin.
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The largest value for either week of 45 L−1 is observed during event 2, though most of
the recorded counts fall below this yielding depth averaged values of 11.2 L−1 for week 4
and 10.5 L−1 for week 5.
Figure (6.16). Particle number counts for the Zooplankton population during July/August
2010. Plot (a) represents event 1, and (b) event 2 for the two surveys.
Zooplankton exhibit quite striking intra-tidal variability throughout the week 6 survey.
The distribution is patchy in depth and also time, with large peaks occurring at shallower
depths contrasting with smaller counts as depth increases (Figure 6.17). As with the
surveys of the summer, almost all of the zooplankton identified were of the ‘non-planula’
variety. Unlike the week 4 and 5 campaigns, however, a small number of gelatinous
planula were observed with a total of six particles present during hour 6, the event 2
time-point, sporadically spread throughout the water column. These particles have been
included in the counts displayed by Figure 6.17.
The largest values for zooplankton are seen during events 1 and 2 at close to 50 L−1 for
the 20-25 m and 5-10 m intervals respectively. There are frequent examples of no particles
from this population being present for a given interval, which is particularly evident for
the count of event 3 which coincides with the strongest turbulence at the bed and also
within the central part of the water column. With the exception of the 30-35 m interval,
no zooplankton are identified below 20 m at this point of the survey. Overall, there are
greater numbers of zooplankton than the summer, with depth-averages of 16.5, 19.6 and
8.5 L−1 for events 1, 2 and 3 respectively.
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Figure (6.17). Particle number counts for the Zooplankton population during September
2010. Plot (a) represents event 1, (b) event 2 and (c) shows event 3 for the week 6 survey.
6.2.3 Zooplankton species and net counts
The relatively lower number of zooplankton observed during the summer surveys is closer
to the long term average than those of April. The absence of the gelatinous planula is in
part responsible for this, though this will now provide a better opportunity to compare
with the net trawls of the similar period, given that it is only the harder-bodied organisms
that are present.
Table (6.2). Comparison of depth-averaged counts of zooplankton populations across
Weeks 4, 5 and 6.
WP-2 count (L−1) Holocam count (L−1)
Week 4 13.7 11.2
Week 5 5.7 10.5
Week 6 3.8 13.8
Mean N(L−1)±S.D 7.7 (5.3) 11.8 (1.7)
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The comparisons between the two methods are again to be treated with some caution,
as the net trawls were conducted two days prior to the tidal station surveys. Table 6.2
displays the depth-averaged values for both techniques, and in the case of the holocam
counts, the values here represent the average for both of the casts of events 1 and 2.
Perhaps surprisingly, given the counts observed during the surveys of April, the WP-2
count for week 4 of 13.7 L−1 exceeds that of the holocam. The monthly average for the
20-year time series considered by Eloire et al. (2010) gives close to 3 L−1 for July and
around 3.5 L−1 for August. The following week 5 displays a similar pattern to that seen
in weeks 1, 2 and 3, whereby the numbers of zooplankton from the net trawl is somewhat
lower than the counts returned by the holocam.
For week 6, the patchiness of the zooplankton distribution throughout the water col-
umn is consistent with the lower numbers reported by the long-term average. In general,
fewer organisms are observed for a given depth interval when compared to the surveys in
April. The position of the thermocline appears to play some part in where zooplankton
may be observed. The majority of particles are observed above the 25-30 m depth interval,
which also coincides with the increase in phytoplankton numbers at the same points.
The prominent differences between the two methods are again present, echoing that
which was displayed in April. The count realised from the holocam is again substantially
greater than that from the WP-2 net. The net value agrees well with the mean long term
Zooplankton count for September, given by Eloire et al. (2010) as slightly greater than
4 L−1. The 2010 average for the WP-2 for September is higher, however, at 7 L−1 based
on five trawls carried out at weekly intervals throughout the month.
6.2.4 Interaction of particle populations
The changing water column structure and strengthened thermocline observed in week 4
has resulted in a separation of the particle populations, limiting the degree to which the
non-plankton and plankton fraction interact, displaying a markedly different ratio from
that seen in the earlier surveys (Figure 6.18). For both events, the non-plankton/plankton
ratio is closer to and occasionally in excess of 1 as depth increases (Figure 6.18), illustrat-
ing the resuspension dynamics and highlighting the contrast in the upper part of the water
column which remains plankton-dominant. From 15-30 m, the ratios for each event are
split, reflecting the large increase to the phytoplankton population observed at this time.
Week 5 is less defined, the ratio for both events here exceeding 0.5 on only two occasions
as the balance of particles present indicates that plankton are present in relatively greater
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Figure (6.18). Ratio of non-plankton particles to plankton for each of weeks 4 and 5 (plots
(a) and (b) respectively). The two events for each of the surveys are as labelled.
numbers throughout the water column, with the numbers for this population remaining
broadly similar with depth.
Figure (6.19). Ratio of zooplankton particles to phytoplankton for each of weeks 4 and 5
(plots (a) and (b) respectively). The two events for each of the surveys are as labelled.
The zooplankton/phytoplankton ratio for both of weeks 4 and 5 remains almost en-
tirely below 0.1 (Figure 6.19). This is the result of the numbers of identified zooplankton
remaining closer to their long-term average and principally highlights the changing nature
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of the zooplankton population with the complete absence of any planula larvae.
Figure (6.20). Mean total particle volume concentration binned into 5 m depth intervals (±
1 SE about the mean) for events 1 and 3 of the week 6 survey.
Focusing on events 1 and 3 of week 6, the periods before the enhanced surface mix-
ing and after, the counts of Figure 6.15 indicate that there is a visible difference in the
phytoplankton population between the two points. As with previous sudden changes of
a similar magnitude, these changes are largely attributed to advective forces. The en-
hanced turbulence may also be contributing, however, and with this in mind it is possible
to further examine what has happened to the phytoplankton by examining the ratios and
ND. The ND displayed for all particles in Figure 5.11 indicates that there are more large
particles and fewer small particles present during event 1. Following the enhanced mix-
ing, this situation is reversed, implying that the stronger turbulence may be having the
effect of reducing the particle size, breaking the phytoplankton (which is dominated by
diatom chains), and reducing their size so that they fall below the identification threshold
of 200µm, giving the decrease in the counts displayed by Figure 6.15. This suggestion
is further reinforced by the total volume concentration, which is shown to be broadly the
same for events 1 and 2 (Figure 6.20). This demonstrates that the amount of suspended
material present remains similar between the two periods, implying that a change in par-
ticle size is the most likely explanation for the observed difference.
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Figure (6.21). Ratio of non-plankton particles to plankton (a) and zooplankton to phyto-
plankton (b) for week 6. The two events for the survey are as labelled.
The potential change in particle composition is illustrated by the non-plankton/plankton
ratio (Figure 6.21a). The ratio during event 3 increases toward a greater number of non-
planktonic particles with depth as the ratio draws close to a value of 1. The implication is
that smaller pieces of diatom chain are more readily combining with mineral grains and
clay-like flocs, effectively changing their classification from being part of the plankton to
a non-planktonic particle. This is further evidenced by a montage of selected images from
the casts of event 3, displayed in Figure 6.22.
Therefore, the combination of (principally) advection, increased turbulence, the re-
duction in phytoplankton size and increase in non-planktonic particles, are all factors
responsible for the marked reduction in phytoplankton count. This illustrates the complex
interaction between this population, other particles and the environment in which they
reside.
6.3 Summary
The versatile nature of the holocam has been demonstrated in this Chapter, allowing for
the examination of biological particles in a way that has not previously been possible. The
evaluation of biological populations, decomposing the total number of particles into cat-
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Figure (6.22). Montage illustrating the large number of diatom chains that have changed
‘classification’ from a plankton to non-plankton particle under the scheme used througout
this work. The scale bars for each particle are as labelled.
egories, and assessing their response to changing forcing mechanisms within and across
tidal cycles has been demonstrated. The enumeration of phyo- and zooplankton, allowing
for the analysis of their distribution with depth has been achieved here for the first time.
The seasonal cycle of phytoplankton has been captured, in addition to the short-term
changes observed during the onset of stratification and also when stratification is more
well developed. The potential for turbulence to rapidly disperse phytoplankton popula-
tions has also been shown, not only from tidal forcing but increased wind stress. Ad-
vection of water brought about by increasing winds can partially erode the thermocline,
changing the distribution of this population considerably. The ability to count the num-
bers of particles altered in this way is a technique that would be otherwise unavailable
unless images of those particles were obtained. That information regarding marine parti-
cles should be obtained without the need to disturb those particles is critically important,
and this point will be extensively explored in the following Chapter. The holocam also
provides detail on the interaction between particles of all types, and that the process of ag-
gregation of non-planktonic particles at L4 will depend strongly on the degree of turbulent
forcing and nature of the biological fraction.
The consistent discrepancy between the counts of zooplankton from the WP-2 nets and
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the holocam, both from the long-term time-series and also the single point-measurements,
is concerning. It would clearly have been advantageous to conduct concurrent sampling,
allowing for a definitive comparison of the two methods. However, there is sufficient
reason to question the validity of the net trawls in providing accurate numbers of zoo-
plankton, particularly with respect to those particles which are fragile and potentially
prone to being destroyed by the net itself. The flexibility that the holocam provides is un-
precedented, and coupled with the physical measurements of the MSS, this Chapter has
demonstrated it can provide greatly needed accuracy on a range of particles for all users
of L4, and therefore by extension all subsequent investigations of suspended particles in
the marine environment.
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Chapter 7
Discussion
L4, whilst being subjected to many wide-ranging and comprehensive surveys dating back
to the early part of the last century, has mainly been a focal point for the study of biologi-
cal, and to a lesser extent chemical activity. To date, this work is the first comprehensive
assessment of the physical characteristics of this location beyond that of 1-D observa-
tions of temperature and salinity. The potential for both temporal and spatial variability
observed here, even across the short periods covered by each of the campaigns, is sugges-
tive of the need for caution when undertaking investigations across short-term time-scales.
The purpose of this work is to yield new information on the interaction between the phys-
ical environment and the particle populations that reside within them, and describing this
physical domain and interpreting how this location may depart from theoretical under-
standing of the shallow shelf sea realm is a necessary first step.
With respect to suspended particles, the utilisation of the holocam has proven to be
a valuable asset for the observational marine scientist. Unprecedented detail has been
returned from every deployment, allowing for fresh insight to be gained into the distri-
bution of particle populations. The ability to separate particles into distinct groups or
populations, and analyse how each interact with their environment in situ, has not been
previously possible. The benefits of using the holocam, contrasted with examples of other
equipment currently in use will be considered in detail.
The format of this Chapter will adhere to the structure of the thesis thus far. Interpre-
tation of the findings of Chapter 4 will be addressed initially, followed by the analysis of
the non-planktonic particles in Chapter 5 and biological particles in Chapter 6.
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7.1 The physical dynamics of L4
7.1.1 Spring 2010
A consistent feature of all of the surveys, irrespective of season, was the presence of
pronounced asymmetry between the ebb and flood tides. With only one exception, the
final survey of week 6, turbulence generated at the seabed was greater during the ebb tide
than the flood. The degree to which turbulence is damped by stratification is illustrated
well by Figure 4.3. That stratification is a major contributor to tidal asymmetry has been
well documented, both for locations around the United Kingdom and globally (Sharples
and Simpson, 1995; Simpson et al., 2002; Rippeth et al., 2002). Many studies link this
phenomenon to the presence of SIPS, whereby in a ROFI during the ebb tide stratification
becomes more developed following the introduction of a greater amount of freshwater,
thus inhibiting mixing. This is not the case at L4, where the influence of freshwater,
whilst needing to be explicitly quantified, is more limited than in either the Rhine or
Liverpool Bay ROFIs where much work on SIPS has been conducted. Freshwater from
the Tamar and Plym rivers will periodically reach L4 as is shown in the long-term data
from the WCO, however the infrequency of such events renders a similar assessment less
appropriate.
The picture of the weakest stratification at neap tides is a function of the timing of the
surveys. Each survey is a 12-hour snapshot, broadly captured either at the commence-
ment of springs or neaps, therefore leaving little time for the relevant strengths of the tidal
forcing to establish control of the vertical structure prior to each campaign. Therefore,
there is the appearance of hysteresis at L4 which is perhaps somewhat misleading. The
additional complication of the potential for advection at this site to generate lateral gradi-
ents in density is also invoked here as a possible driver of small-scale inhomogeneities at
L4.
The temperature-dominated survey of week 3 is in contrast to in week 1, as illustrated
by the density ratio, Rρ (Figure 4.5). The resulting shallower and weaker pycnocline is
evidenced by the degree to which a patch of enhanced turbulence is able to breech the
pycnocline, possibly transporting nutrients, SPM, heat, salt and momentum with it. It
has been observed that in temperate shelf seas the onset of stratification in spring can be
determined by a combination of the strength of mixing driven by tidal, atmospheric and to
a lesser extent convective forcing (Sharples et al., 2006; Sharples, 2008). In the absence
of any meaningful atmospheric forcing during this period, and given that the strength
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of the tidal forcing alone is insufficient to entirely overcome the weakly-stratified water
column, it is doubtful that mixing is exclusively responsible for the rapid temporal change
observed between the three surveys.
Tidal forcing is often considered to be the dominant contributor to mixing at L4 (e.g.
Lopez-Urrutia et al. 2005; Lewis and Allen 2009), and this is reasonable in the absence
of any previous investigation into the physical drivers of stratification here. Other studies
have recognised that quantifying the temporal evolution of stratification as an important
part of developing 1-D coastal observatories. This has received less attention when the
focus has been on assessing long-term change (which is the principal motivation for their
existence), however it has perhaps not been considered that such striking differences can
occur over such short time-scales. A recent investigation by Groom et al. (2009) observed
that mid-summer values of φ at L4 compared poorly with sites in the Celtic Sea for the
same season, albeit with measurements taken in the latter location from an earlier period.
In acknowledging that L4 should be regarded as only exhibiting weak stratification, and
therefore prone to complete mixing regularly, it is important to address this potential
for variability when undertaking future work at this location by conducting surveys that
incorporate physical measurements.
7.1.1.1 Boundary-layer thickness
The importance of stratification to the drivers of physical change to shelf seas can be ex-
pressed by reference to the thickness of the BBL. The potential for this layer to encompass
the entire depth of the water column at L4 is highlighted by Figure 4.7, seemingly irre-
spective of the strength of the stratification, which ordinarily limits the height of the BBL
(Taylor and Sarkar, 2008). This is perhaps a further illustration of why stratification is so
often eroded, either by moderate forcing from enhanced wind stress, or the combination
of unseasonably lowered solar insolation coupled with the mixing potential of the tides.
The calculation of hbl is a function of the friction velocity, u∗, as indicated in the equa-
tions 2.14 and 4.4. The estimate of u∗ is critical to the accurate modelling of boundary-
layer dynamics, and drives many other formulations necessary to the successful under-
standing of the mechanics of flow. It has been frequently observed that the most accurate
technique for deriving an estimate for friction velocity is the dissipation method (Dewey
and Crawford, 1988; Taylor and Sarkar, 2008). This method has been used in all calcu-
lations of boundary layer thickness in this thesis. In the absence of an available tool to
estimate turbulent dissipation in the BBL, this will not always be possible in all circum-
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stances. The friction velocity is routinely estimated by the logarithmic method, though
this technique is known to offer an overestimate of the value of u∗ (Sanford and Lien,
1999). Over-estimating this parameter may result in inaccurate estimates of hbl. The first
available estimate for u∗ of Elliott (2002) occurs at a height of 6 m above the bed and
by their approximation varies by a factor of 1.2. This calculation of u∗ underpins their
entire analysis, yielding thickness values for the logarithmic layer which equate to ap-
proximately one tenth of the hbl, occasionally encompassing the entire depth of the water
column. Whilst comparing favourably to the theoretical structure of the BBL (e.g. Weath-
erly and Martin 1978), these results may need to be treated with caution when compared
to the corresponding values derived at L4.
Confidence in the estimate for u∗ is important, not least when it is used to inform
the value for eddy viscosity, Nz, as it does here. This is a critical parameter necessary
to establish the extent to which energy is transferred from wind and tides into the ocean
through friction. The formulation of Rippeth et al. (2002) shown by equation 4.5, as
with the BBL thickness, is a function of u∗. Rippeth et al. (2002) calculate equation 4.5
by using an estimate of friction velocity generated from the logarithmic profile method,
although this method is again acknowledged to overestimate the friction velocity, partic-
ularly during peak flows. It is necessary to emphasise the importance of ensuring that
estimates of turbulent dissipation are performed from direct measurements, using the ap-
propriate instrumentation, as close as is practicable to the seabed. Other mechanisms
of deriving turbulence have been shown to perform well, such as the structure function
method from ADCPs which compare favourably with free-falling velocity microstructure
profilers (Wiles et al., 2006). However, it is often when measurements are obtained close
to the bed that the overestimates arise.
As the calculation of Nz stems from the friction velocity, it is little surprise that the
profiles of Figure 4.8 closely mirror the pattern of ε. This is particularly apparent during
week 1, where the influence of stratification is felt more keenly as shown by the reduction
inNz around the depth of 25 m. The values ofNz, peaking at over 10−2 m2s−1 are perhaps
larger than anticipated, given the relatively low tidal currents. Though during a similar
exercise conducted by Souza et al. (2004) into the relationship between turbulence and
suspended sediment at a site in the Gulf of California, mean values of Nz were broadly
equal to those of this study, where tidal velocities were also found to be comparable to
those of L4. The sharp reduction in Nz displayed in week 1 ensures that the transfer
of momentum, scalar properties and also SPM will also be tempered by the pycnocline.
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This activity will be less apparent in week 3, where stratification is weaker yielding the
potential for particles and other properties to be pushed further up into the water column.
7.1.1.2 Water column complexity and energetics
The results from the MiniBat demonstrate that L4 exhibits spatial variability, albeit in the
form present in this two-hour snapshot. In an area that has previously been sampled with-
out taking this into account, ignoring such variability in space could prove problematic.
Naturally, discretion must be advised in the light of assuming this is the default scenario at
L4 on the basis of these surveys, it is nonetheless important to consider the ramifications
of this added complexity. The vertical shear and gradients in temperature exist across
relatively small spatial scales, certainly less than that considered by many studies using
the L4 site previously (e.g. Widdicombe et al. 2010). The extent to which the presence
of vertical shear can impact upon a water mass is not always considered when investigat-
ing suspended particle dynamics, at L4 or otherwise. In a study that focused primarily
upon physical properties, Hosegood et al. (2008) demonstrated the degree to which ver-
tical shear results in the advection of lateral density gradients and the resulting impact
upon restratification, accounting for some 40% of that observed. Given that it is not only
fluid properties that may be advected within a single water mass but suspended particles
as well, failing to acknowledge advective processes may cause difficulties when under-
taking investigations into SPM dynamics across both short time and small spatial scales.
Additionally, the observed gradient in temperature of 0.2 ◦C km−1 may at first appearance
seem small, but could still result in a greater error margin on single measurements, in-
creasing the difficulty with which inter-year comparisons of water column properties are
made.
Previous studies have suggested that advection is likely to have a minor role in lateral
exchange processes in the Western English Channel and other shelf regions of the United
Kingdom (Sharples, 2008), thus allowing for many questions regarding the water column
to be satisfactorily addressed by using a 1-D model. L4 is closer to the coast and as such
the results produced here do not entirely support this view, and indeed highlight the need
for caution when employing such models in the absence of adequate observations that
allow for improved estimates. This takes on a greater prominence in this region, which
is used widely to investigate changes to plankton community composition and develop
enhanced coupled physical-biogeochemical models.
The sources of the advected properties, in particular the observed salinity structure
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of week 1, is not altogether certain though one candidate is likely to be the freshwater
outflow from the River Tamar. The work of Siddorn et al. (2003) modelled the flow from
the Tamar and found that the potential exists for freshwater to reach L4. Assuming this
has occurred for the first week, it is particularly striking that it has done so in the absence
of any large rainfall events. The evidence presented here indicates that advection plays
some role in establishing the properties of the water column at L4. The inability of the
1-D model to entirely reproduce the observed energetics of this station, and the integrated
values of the component mixing and buoyancy terms considerably over-estimating the
PEA, is strongly suggestive of additional factors contributing to both temporal and spatial
complexity during the onset of stratification. Additional effort must be given to examining
the permanency of this variability, in light of the importance of the L4 station in providing
time-series observations that assist in identifying ecosystem and climate-related change.
In Section 4.2.3 the approach taken by Simpson et al. (1990) and later by Cheng et al.
(2010) was adopted in order to determine the relative influence of the competing processes
of solar insolation and tidal and meteorological forcing. In the absence of a fully resolved
three-dimensional water column, this method was chosen to best describe the evolution
of stratification during the spring surveys. Alternative methods, such as the one used by
Burchard and Hofmeister (2008) were also examined, this technique having shown to be
potentially useful in explaining mixing and stratification in estuaries and coastal seas. In
idealised test cases, such as the example given by Burchard and Hofmeister (2008), their
equation for describing the PEA is constrained by a number of constant parameters, not
least in terms of the horizontal density gradient and eddy diffusivity. Attempts to compare
with the approach of Cheng et al. (2010) were somewhat thwarted, then, in the absence of
measurements that could resolve these crucial parameters to yield anything else other than
simple replication of the results of Burchard and Hofmeister (2008). Measurements were
available at the surface with respect to SST and SSS, when the L4 buoy was functioning
normally, however given the complex vertical structure present, the rapidity with which
change is observed throughout the water column made any such comparison rather re-
dundant. Clearly it would be advantageous to undertake sampling campaigns to properly
test the idealised scenarios proposed by the modelling community, although very often
logistical restrictions frustrate attempts to do so. A prudent suggestion may be to incor-
porate more robust physical measurements as a regular component of the sampling of L4.
An example would be the deployment of moored ADCPs across extended periods. The
resources of the Plymouth Marine Science Partnership (PMSP) are sufficient to undertake
156
this work, with little impact on the current activities of the WCO.
7.1.2 The seasonal influence on physical dynamics
The interpretation of the impact that seasonal change has on the physical environment
both through the surveys of summer and autumn will be addressed together in this section.
That stratification at L4 never becomes fully established, being easily eroded by relatively
small increases in wind stress, indicates the importance of further measurements of the
kind displayed here being undertaken on a regular basis, allowing for this aspect of study
at the WCO to be more comprehensively understood.
The period preceding the surveys of weeks 4 and 5 were accompanied by generally
low levels of wind and, as in the April surveys, very little rainfall. The pycnocline was
shallower, with the largest values of N2 being seen above 20 m, contrasting with the
week 1 survey. The suppression of turbulence from the thermocline observed in week
1 is less apparent in week 4, with the largest values of ε reaching only 20 m above the
bed. Referring to Figure 4.16, slight increases in N2 coincide with this limitation to the
encroachment of turbulence, however it is the persistence of enhanced values of ε that
remain several hours following generation at the bed that is most notable. It would seem
that a lag in turbulent dissipation is present during this survey, with a clearly reduced area
of turbulence closer to the bed between hours 8 and 10, in a manner consistent with the
observations of Rippeth et al. (2001).
Further agreement is found with the observations of Simpson et al. (1996), who con-
sistently saw a lag in the maximum level of dissipation, at heights above the bed compa-
rable to those seen in week 4. Simpson et al. (1996) showed a longer lag to be present in
the more stratified site at a location in the Irish Sea which broadly reflect the conditions
at L4 during summer, although still less than that seen in week 4 which is as much as 4-5
hours. The reduction in lag seen in the neap survey is also consistent with Simpson et al.
(1996), whereby the lag at the contrasting mixed site of their investigation only being
around 2-3 hours, confirming the importance of stratification to the input of energy into
the water column of shelf seas.
That stratification at L4 never becomes fully established is illustrated well by Figure
4.19. Mixing between the spring and neap tides may have reduced φ by half, substantially
below the assumed average for the summer noted by Groom et al. (2009). Once again,
a further campaign following this week would have been advantageous in determining
whether the water column would re-stratify to the point which is observed during week
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4. Spring-neap modulation of the PEA is often associated with more defined regions of
freshwater influence, such as Liverpool Bay and the Rhine ROFI (e.g. Fisher et al., 2002;
Polton et al., 2011). In this area, where freshwater is less influential, it is assumed that
the alternation between high and low vales of PEA is predominantly brought about by
the action of the tide. For the most part, these surveys were carried out in the absence
of strong meteorological forcing, which will also have the effect of reducing the PEA
further, as is seen for the final campaign associated with this work, discussed below.
For the week 6 survey, conducted when stratification was again weaker and more
greatly comparable with the surveys in April, there is a notable reduction in the observed
lag in dissipation. However, recalling that this survey saw the striking change to the
water column imposed largely by advection of water from the south, it is perhaps more
appropriate to contain comparisons to the initial 6-7 hours as beyond this point the water
column becomes more homogeneous. Elevated levels of N2 are present for this period
in a layer greater than 20 m thick from around a depth of 20 m extending close to the
bed, which has the affect of suppressing ε, containing its spread to the lower 10 m of the
water column where an apparent lag in the generation of turbulence of around only 1 hour
exists before it reduces in line with the relaxation of the tidal flow. From this point on it
becomes more difficult to comment on the influence of stratification on phase lag due to
the influence of the altered water mass.
The rapid change to the turbulent properties seen in the latter half of the week 6 survey
might be expected, given the season within which these measurements were taken, as has
been previously observed in similar regions (van Haren et al., 2003). It is regrettable that
it was not possible to determine if the water column re-stratified following this episode of
increased mixing, given the cancellation of the companion neap tide survey. On the basis
of the cancellation being due to poor conditions, though, it is considered unlikely. Figure
4.22 clearly shows the difference between the beginning and latter stages of the survey.
The advected water mass reduces the strength of the thermocline, rendering the water
column homogeneous with respect to salinity, though the plot of density here shows that
very weak stratification still remains at around a height of 10 m above the bed. The plots
for fluorescence and turbidity were included here to reinforce the impact of this change,
interpretation of which is largely left to later sections, though there are two key elements
to these parameters that appear to have been immediately altered. Commensurate with
the erosion of the thermocline is the dispersal of the fluorescence signature which was at
its strongest at the base of this interface in density. Secondly, there is a strong increase
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in turbidity recorded by the OBS from around hour 7 which persists until the end of the
campaign. This is evidence of sediment resuspension in the presence of turbulence that is
not as pronounced as at the beginning of the survey. Thus, it is possible that the reduction
of stratification seen throughout the water column may have contributed indirectly to the
entrainment of material from the bed, given that the depth averaged value for dissipation
has increased. This is further reinforced when referring back to the plot of velocity in
Figure 4.16, where the current during this part of the survey is shown to be somewhat
weaker than the ebbing tide.
In terms of the PEA, an additional comparison with the April surveys can be made,
particularly those of weeks 2 and 3. The values observed in week 6 are similar to those
seen in both the neap and spring periods due to the additional mixing (Figure 4.23). This
image emphasises the inadequate nature of relying upon point measurements alone to
model the marine environment, whereby a very different picture of water column prop-
erties emerges depending on whether one examines the data at the start of a survey or
toward the end. It is acknowledged that short-term variability of this nature will average
out when examining time series that extend over period of several years, though this is not
always the case as discussed below. In order to provide a true reflection of the conditions
in which populations of suspended particles exist at L4, further campaigns of the type
described here are required, not on an ad-hoc basis but permanently. If accurate under-
standing and ultimately prediction of the shallow shelf realm is to become a reality, then
a regular assessment of the physics of the water column, similar to the activity detailed in
this thesis, needs to be prioritised.
7.2 Describing the non-biological particulate environment
Typically, 1-D moored observatories are designed to explore the long-term characteris-
tics of a given location, both in terms of determining the physical domain and also the
particle dynamics of the area under study. Frequently, however, it is not uncommon for
investigations to utilise this data over shorter time scales (e.g. Aiken et al., 2004; Fileman
et al., 2010), which could prove problematic when attempting to establish intra-seasonal
changes to particle populations when relying upon coarsely resolved data. This also ap-
plies to similar observatories and buoy networks both within the shallow shelf seas that
border the United Kingdom, for example the CEFAS buoys that are part of the Irish Sea
and Western Shelf observatories, and also further afield such as the AGL buoy maintained
by the Spanish Institute of Oceanography (IEO), or the Chesapeake Bay Observing Sys-
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tem (CBOS). Furthermore, failing to take the degree of temporal variability shown here
into account could lead to the underestimation of population dynamics when single point-
measurements of the water column are relied upon alone.
7.2.1 Particle variability across tidal cycles
The calculation of τ0 described in 2.1.3.1 yields values for L4 that are in accordance with
results that are broadly typical for of the Western English Channel (Soulsby and Dyer,
1981), and several other similar locations (e.g. Lozovatsky et al., 2008 and Alvarez,
2010). Data from the OBS sensor (Figure 5.1) on the MSS confirm that resuspension
of material at the bed is coincident with the points at which τ0 is at its maximum, but
also at points when the bed stress is well below this value. This is indicative of the
CET for this location being somewhat lower than was previously considered, and that
the nature of the resuspended particles themselves are a suspected reason why this is
so. This increase in turbidity in relation to episodes of enhanced turbulent dissipation is
somewhat contrary to the findings of Velegrakis et al. (1997), who failed to observe the
same phenomenon during an investigation to the east of L4. However, Velegrakis et al.
(1997) acknowledge that there is a lower amount of smaller and finer material at the bed at
all locations sampled. Qualitatively, this is supported by the majority of the images within
the bottom 20 m of the water column and within the region of increased turbulence that
promotes the conditions necessary for resuspension. Here, there is a consistent increase
in the number of small, compact sand grain-like particles throughout the sample volume
that dominate each image, but are beyond the threshold of manual identification.
Understanding the mechanics of resuspension at L4 requires knowledge of the domi-
nant physical controls that generate each event. For this location, it is the action of the tide
that brings about resuspension of SPM for the most part, though as will be shown for the
autumn survey, there remains the potential for atmospheric forcing to offer a substantial
contribution. Uncertainty surrounding the precise components that contribute to sediment
dynamics is not restricted to L4, but is also a somewhat thorny problem for most, if not all
shelf sea locations throughout the UK, as demonstrated recently by Stanev et al. (2008).
During their study of sites in the southern North Sea, Stanev et al. (2008) confirmed that
the relative contribution of atmospheric and tidal forcing to resuspension of material from
the bed varies with location and sediment type. For regions that are broadly comparable to
L4 in terms of depth and sediment type, there was found to be equal opportunity for both
types of forcing to contribute to resuspension, as is the case with the observations of this
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work. What is more difficult to quantify is the potential for any advective component to
be measured. Whilst it is likely that local processes will dominate the sediment dynamics
of L4, there may be the potential for particles to be advected close to the bed in the same
way as is seen at the surface. In absence of information on the degree to which spatial
gradients operate at depth, though, this will remain a topic for future consideration.
7.2.1.1 Particle distribution and composition
An additional component of resuspension is the presence of benthic fluff, low density
deposits with a high biological content which are an important contributor to SPM con-
centration (Jago et al., 2007). Benthic fluff has a low shear strength, requiring small values
of τ0 of around only 0.02 N m−2 before being resuspended, as demonstrated by Jago et al.
(2002) in a similar location to L4 in the North Sea. Benthic fluff was found to dominate
resuspension events, albeit largely due to the lower current speeds, and resuspension of
larger particles was not seen to the degree to which it is observed at L4. Nevertheless,
in order to resuspend mineral grains, such as sand, CETs are required to be around 0.15-
0.20 N m−2 (Soulsby, 1997). These values are occasionally observed during the events,
and thus it is expected that the denser, mineral grains would also be present at these points
in the tidal cycle. However, there was also a response from the OBS to lower values of
τ0, implying that benthic fluff is present. The relative importance of such material to the
water column at L4 is yet to be quantified, and it may be necessary to undertake further
work here collecting concurrent water samples in addition to profiles of holocam data.
In acknowledging that invasive techniques will habitually alter the particles, potentially
disrupting their original form, McCandliss et al. (2002) showed that this obvious limi-
tation to investigations of particle dynamics may be less important for the material that
comprises benthic fluff. For studies of particles that are of a size close to the noise floor
of the holocam (around 20µm for this system), a spread of techniques will be required
in order to determine a more complete picture of the individual components of SPM that
undergo resuspension.
A comprehensive assessment of the variability exhibited by the distribution of sus-
pended particles was conducted by Buonassissi and Dierssen (2011). Whilst in agree-
ment with respect to the problems of invasive sampling techniques they invoke the use of
the LISST instrument, relying exclusively upon its measurements to support their conclu-
sions, which in light of recent work by Davies et al. (2012) may prove to be problematic.
The LISST is limited to measuring particles of a size not greater than 500µm, and as
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noted by Davies et al. (2012), this instrument is often prone to aliasing signals of parti-
cles larger than this limit and adding this information into smaller size classes, thereby
potentially yielding a distorted size distribution. The LISST instrument used by Buonas-
sissi and Dierssen (2011) is termed the type-B, which can measure particles up to only
250µm. Across this size range, the findings of Buonassissi and Dierssen (2011) compare
favourably to the size distribution offered by the holocam. Typical Junge-like power law
slopes for the surveys of weeks 1, 2 and 3 were found to be around -2.2 to -2.3. Whilst this
is lower than the smallest values obtained by Buonassissi and Dierssen (2011) (around -
2.7), this is a function of the narrow range of particle sizes that their instrument is able to
provide, given that the holocam values will be biased by the inclusion of a greater num-
ber of large particles. When making the same calculation to provide the values shown
in Table 5.1, but only for the same range that the LISST type-B provides, then the slope
from the holocam data yields a more favourable comparison, giving slopes of up to -2.5
for week 3 in particular.
Whilst the LISST may provide important information regarding the distribution and
size of suspended particles, it is also making the assumption that each of these particles
are spherical, or near-spherical, in shape. Referring to the flocculated particles used to
illustrate the function of the holocam in Figure 3.10, it is readily apparent that SPM shape
in the marine environment, particularly with respect to flocs, rarely conform to this condi-
tion. This is also one of the reasons why the major axis length is used as a sensible metric
to determine particle size. It has been shown that there is a link between the potential for
flocculated particles to exist and the degree to which the water column contains a sizeable
proportion of biological material (e.g. Jones et al., 1998; Fugate and Friedrichs, 2003;
Fettweis et al., 2006; Bowers et al., 2007). This effect can be observed during the April
surveys, where there is a large increase in the number of short-lived gelatinous biological
particles that rapidly settle through the water and onto the bed during the planula stage of
their life cycle. The inevitable release of additional ‘sticky’ material should allow for the
greater potential for particles to aggregate into flocs. The PSD for weeks 1, 2 and 3 reflect
this, returning the lowest slopes for any period.
7.2.1.2 Population counts
Further evidence of the response of particles to resuspension events comes from the par-
ticle counts. Whilst there seems to be an increased likelihood that the dominant particle
size range most likely to be resuspended would be lower than the 200µm threshold, there
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is a noticeable increase to this population during elevated levels of τ0. This is most clear
toward the end of week 3, and in particular when contrasted with the same point in week
1 when the count approaches a factor of two difference.The relatively lower number of
larger, non-planktonic particles resuspended may also be a function of season, though as
noted above these surveys were conducted in the presence of a substantial number of large
biological particles. The surveys conducted for this study were held during the onset of
seasonal stratification, during the period where biological activity was increasing as il-
lustrated by the measurements of the WCO that display enhanced values of fluorescence.
In a recent study by Maerz and Wirtz (2009), the role of extracellular polymeric sub-
stances (EPS) in altering the CET was examined when conducting tests of their model at
a broadly similar location in the Wadden Sea. Their work revealed the importance of bio-
logical processes on both the size of the material resuspended, and the extent to which bed
stress must increase in order to effect a resuspension event, assuming there is no change
to the flow dynamics of the region in question. Given the predominance of biological ac-
tivity in the Western English Channel, further temporal variability with respect to this site,
and by extension coastal and shelf seas generally, would also be expected to occur. The
timing of such an occurrence is clearly important, and whilst the surveys in the summer
do reveal the expected variability, it is uncertain as to when this change happens placing
greater importance on the need for similar measurement programmes to be conducted at
a higher frequency.
The greatest advantage in using the holocam is the benefit of knowing the nature
of the particles. There is naturally some way to go before the automated technique of
reconstruction and enumeration can be relied upon exclusively, although as shown above
the leading alternative comes complete with numerous potential errors in its assessment
of particle size and distribution. A further alternative in supplying particle statistics is the
Coulter Counter, a device that passes particles from a collected water sample through a
small, electrified aperture where changes in impedance are recorded and transformed into
statistical information on each particle (Reynolds et al., 2010). As with the LISST, using
the device requires assumptions, as the Coulter Counter cannot be used in situ. The many
proponents of the instrument concede that the action of passing the particle through the
aperture may either break the particles apart or bring them together. Thus, the manual
method of counting and sizing particles from the focused holocam images must now be
considered, albeit somewhat labour-intensive, as a favourable technique in comparison.
An obvious potential drawback to the manual counting technique is that it places em-
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phasis upon the individual to accurately identify a given particle. Naturally, one solution
may be to have the same data processed by a number of individuals and an average taken.
In the context of this work, however, there was no possibility of this occurring. Great care
was taken to ensure that no single particle was incorrectly identified, and where uncer-
tainty prevailed, then personal communications were sought and obtained from leading
experts. This was necessary, for example, in ensuring the planula larvae were included in
the correct population from zooplankton experts at Plymouth Marine Laboratory. Select-
ing only those particles ≥ 200µm assisted greatly with ensuring accuracy. The holocam
resolution of 4.4µm per pixel allows for a large surface area for each of the target par-
ticles, making the identification in most cases straightforward. Whether this would also
apply in waters where a higher concentration of SPM is present, such as in estuarine or
other locations in close proximity to the coast, remains to be seen as the holocam begins
to be used in the wide range of environments for which it was designed.
7.2.1.3 Particle size and the Kolmogorov length scale
The Kolomogorov length scale, lk is frequently invoked as a limiting factor determining
the maximum possible size of flocculated marine particles (van Leussen, 1997, 2011).
The general accepted viewpoint is that turbulence will ensure that flocs are unable to grow
beyond this limit, and in the case of van Leussen (2011) it was found that there was no
relationship between the particle concentration and size of flocs, but that the controlling
factor was the strength of the turbulence. This has been demonstrated both in laboratory
conditions and field environments.
Recently, Verney et al. (2011) observed no single occurrence of a flocculated parti-
cle exceeding lk during an experiment to investigate the behaviour of flocs throughout
an idealised tidal cycle. Sediment was collected from the field, and largely consisted of
muddy silt. The biological fraction within this sediment was estimated to be no greater
than 5%, and no notable phytoplankton blooms were recorded as occurring around the
point of the collection. Under these conditions, particularly in the absence of EPS-type
materials to aid flocculation, it is perhaps not surprising that flocculation into large parti-
cles was not observed. It is often suggested that the presence of biological material will
influence the growth of flocs (e.g. Fettweis et al. 2006; Braithwaite et al. 2012). It must
be considered possible, then, that the suggestion of lk acting as the limit to particle size in
all circumstances is too simplistic, especially when viewing the results displayed here.
The importance of biological input in allowing flocs to exceed a given size is given
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close attention in van der Lee et al. (2009). However, both this study and that of Bowers
et al. (2007) employ depth-averaged estimates for the level of turbulence within the water
column, working on the principle that particles will experience the full range of turbulence
from the bed to the surface as they are circulated. Whilst this is a necessary assumption to
make when investigating the potential to assess particle size from satellite remote sensing,
underestimating the strength of local turbulence is inevitable and will almost certainly re-
sult in misrepresenting the relationship between flocs and lk. From the results in Sections
4.2.2 and 5.1.4 it is apparent that the need to include in situ measurements of turbulence
is critical if one is to begin to draw realistic conclusions in an informed way. Nonetheless,
in the case of van der Lee et al. (2009) the extent to which changing seasons may impact
upon the particulate environment is clear.
During the study of van der Lee et al. (2009), a technique developed by Bowers et al.
(2007) was applied to a range of satellite images of ocean colour that encompass a single
calender year. The impact of wind stress was included in their calculation of turbulence,
but was not explicitly focused on due to the continued method of utilising a depth-mean
value. Throughout the period under study, there was a clear pattern of increased lk during
the late spring and summer months when conditions broadly improve within the Irish
Sea where the investigation was conducted. This coincided with a reduction in particle
concentration, and also generally reflect the results presented in this thesis. However,
the potential to smooth examples where there is no relationship between particle size and
turbulence is likely to be high when conducting work across large spatial and temporal
domains. As such, generating conclusions based on arguably insufficient data is unlikely
to provide accurate information on the true relationship between lk and particle size.
The number of examples of particles exceeding the threshold of lk shown in Figure
5.6 is high, and somewhat counter-intuitive. The implication from these results is that
when turbulence is at its most intense, there is a greater chance of observing particles that
exceed lk. This is most apparent during week 3, where the resuspension events ensure that
many large particles are ejected into the water column in the lower three depth intervals.
The suggestion from this data is therefore that under specific circumstances, where the
particles within the region of interest are largely made up of a high proportion of biologi-
cal content, the limitation on particle size does not come from the relative strength of the
locally generated turbulence. In fact, in the case of this location, the limiting factor on
particle size may arguably be the availability of the remaining component parts of each
floc, namely mineral-type grains, which are plentiful, and muddy silts, which are not.
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The potential to underestimate particle size depending on the sizing mechanism used
is displayed in Figure 5.7. This is broadly the approach adopted by Braithwaite et al.
(2012), who also employ the depth-mean assumption for turbulence, although with per-
haps more confidence given the work is conducted in the Menai Straits in North Wales,
a region that is exposed to very strong tidal forcing that frequently generates turbulence
at the bed that encompasses the whole water column. For the work of Braithwaite et al.
(2012), the median particle size was chosen as the metric by which the relationship be-
tween size and turbulence was examined. Although, the instrument used to generate
information on particle size is the LISST, which, as noted above, has the capacity to place
particles outside of its sampling range into smaller size bins (Davies et al., 2012), thus
distorting the degree to which the upper limit of particle size might be inferred. Whilst
the results of Braithwaite et al. (2012) were found to agree with the theoretical limit of lk,
in the absence of both an accurate mechanism to size particles, and a potentially uncer-
tain method for demonstrating agreement, it is clear that before the relationship between
particle size and the Kolmogorov length scale can be definitively accepted in shelf and
coastal waters, consensus on the way that this is tested must be reached.
There is a contrast between the April surveys and the rest of the sampling campaigns
when assessing the relationship between particle size and lk. Aside from a few isolated
examples, which could correspond to many hundreds of particles using the scaling ap-
plied for the manual counts, the theoretical limitation of floc size imposed by turbulence
would seem to hold for both summer and autumn. This is particularly notable during
week 6, where despite the increase in large particles close to the bed, yielding numbers
per litre that have not been subsequently observed, the particle size remains almost en-
tirely lower than lk. This contrast supports the notion that in the absence of large numbers
of gelatinous planula it is unlikely that flocs will be able to grow to a size that exceeds
lk. This further underscores the importance of conducting measurements across a range
of conditions, both in the short term with respect to tidal cycles, and also the variability
brought about by seasonal change. Taking only the summer and autumn surveys into con-
sideration, no evidence for suggesting the limit of floc growth/particle size would exist.
This also applies to studies that undertake work with instruments that are insufficiently
able to determine whether a true relationship between these quantities remains. Now that
the holocam has revealed the potential for greater complexity in the relationship between
turbulence and suspended particles to occur, it is important for future studies to take great
care in ensuring accuracy in particle size and turbulence measurements, prior to advocat-
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ing that the assumption of this maximum threshold to which a particle may grow holds.
7.2.2 Seasonal variation in non-biological particles
That particle content changes with seasons in shelf seas is a broadly a function of biology.
This has been demonstrated with particle size, but it is also with respect to the extent to
which particles will be resuspended. In a location such as L4 this is particularly true,
given the limited potential for terrestrial run-off to reach the site, relying almost exclu-
sively on blooms of local phytoplankton. Having defined the broad forcing mechanisms at
work with respect to the tide, tidal resuspension would appear to be fairly predictable with
the variable factors at work here coming from the changing nature of the particles them-
selves. Arguably, there is also an influence of the position of the thermocline, whereby
the potential for particles to be circulated above this level is reduced when stratification is
stronger.
The first indication that the surveys of weeks 4 and 5 contain a markedly different
distribution of suspended particles comes from Figure 5.10 and Table 5.2. The larger
values for the m exponent in comparison to the surveys in April are indicative of the
presence of smaller particles throughout the water column. This is perhaps what would
be expected given the reduced volume concentration, and corresponds to other locations
during the same period (e.g. van der Lee et al. 2009). As noted by Reynolds et al.
(2010), sole reliance upon the number distribution is unsatisfactory, and it is actually
the departures from the slope that are of interest. That is, analysis of peaks within the
distribution may be more informative than the distribution itself.
The particle counts analysis partly addresses the criticism of Reynolds et al. (2010),
but only at the larger end of the size distribution. As previously stated, the ability to
interrogate the PSD by effecting counts to definitively mark changes in particle popula-
tions is a huge advantage, though further effort is required in order to spread this advance
across the entire spectrum of particle size. During week 4 the capacity for turbulence at
the seabed to entrain large particles is again shown, and contrasted with the weaker flow
(and thus weaker turbulence) of week 5 the pattern of a greater number of larger particles
being present during spring tides is again apparent, as with the April surveys.
Seasonal peaks in total suspended matter are typical of shelf sea locations around
the UK, particularly in spring and autumn, as was recently shown by Astoreca et al.
(2012) during a study to investigate the controlling influence of SPM on inherent optical
properties (IOPs) in the Southern North Sea. A similar pattern was displayed to that seen
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at L4, whereby the summer months exhibit a marked reduction in total suspended matter.
With respect to the week 6 survey, the adverse conditions brought about by the in-
clement weather and increased winds ensured that an indication of the typical distribution
of particles during autumn was not available. Higher particle concentrations were present
than the summer, although not as high as was observed in spring, which is again in line
with the findings of Astoreca et al. (2012). The PSD for this survey gives the first indica-
tion that the poor conditions experienced in the latter part of the campaign has influenced
the total particle population (Figure 5.11).
As noted above, the influence of surface conditions on resuspension at the bed has
been observed for similar locations in the North Sea (Stanev et al., 2008). The lowermost
depth bin indicates clear evidence of resuspension in both the large and small fractions of
the non-biological particles (Figures 5.13 and 5.15). It is not certain, however, whether
this is a direct response to the enhanced turbulence brought about at the surface, or an
indirect response to the reduction in stratification closer to the bed allowing for a larger
number of particles to be resuspended. Throughout the campaigns, the increase in par-
ticles where a concurrent increase in bed stress has been observed have been explicitly
linked. During a study in the central English Channel by Velegrakis et al. (1997), it was
proposed that the impact of resuspension is limited under flow conditions that are similar
to those experienced at L4, and that increases to particle concentration are brought about
by advection alone. The clear signal of resuspension from both the automated and manual
counting methods of the week 6 survey brought about by enhanced turbulence appears to
contradict this claim. However, the degree to which advection at the seabed is important
will be a necessary part of future work at this site. Furthermore, questions over the valid-
ity of the observations of Velegrakis et al. (1997) remain. The use of a downward-facing
1200 kHz ADCP, encompassing depths of up to 35 m to calculate flow conditions and
bed stress, may not have been sufficient to fully describe the component forces neces-
sary to bring about resuspension. Additionally, in utilising an LED-type transmissometer
(subject to the similar caveats in place for the LISST instrument) to observe sediment
concentration, limited to measurements at a height of 3 m above the bed, it is difficult to
have great confidence in the conclusions formed in light of the observations shown here.
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7.3 Describing the biological particulate environment
7.3.1 Particle variability in spring 2010
Assessing the variability in the biological fraction of particles at L4 is less straightfor-
ward. Differences in the the non-biological particle populations were largely attributed
to changes in the level of bed stress during the tidal cycle, though for biological parti-
cles there is no reason to suggest a similar relationship will be observed. Nonetheless,
the same points in the tidal cycle were used to investigate the relationships between the
dynamics of L4 and biological particles, as these periods represent the greatest contrast in
tidal currents and associated turbulence. Therefore, Chapter 6 is an exercise in applying
the holocam to the field of plankton ecology, exploring how these particles may respond to
physical forcing and whether it is possible to observe changes to the populations, should
they exist at all. The relatively recent work of Osborn (2007), among others, has advo-
cated closer links between disciplines to determine the impact of turbulence on plankton,
and this work has been undertaken, at least in part, in an attempt to address this challenge.
7.3.1.1 Phytoplankton
Throughout each of the events within each survey there are contrasts in the phytoplankton
counts. During week 1, the pattern of greater numbers down to the depth of 20 m exists for
all of the events. During event 3, there is a noticeable disparity between the three surveys.
This is perhaps unsurprising when taken in conjunction with the measure of fluorescence
in Figure 6.1. It is possible that spatial variability at L4, brought about by the presence
of vertical shear, that this rapid increase in phytoplankton is the result of advection. Ad-
ditionally, the formation of blooms of diatoms such as those most commonly seen during
this work would typically take of the order of days, not the few hours across which the
increase in number was witnessed here (Suzuki et al., 2002).
A similar increase in phytoplankton is not seen elsewhere during any of the three
campaigns. The counts in the upper part of the water column at depths above 20 m during
weeks 2 and 3 are lower, in the case of the upper two depth intervals by a factor of three.
Across each of the selected events for these latter two weeks the pattern is of increasing
numbers of phytoplankton with depth at all intervals below the pycnocline. This is per-
haps not entirely expected in light of studies focusing on phytoplankton distribution that
have both observed and modelled maximum biomass at the base of the thermocline (e.g.
Sharples et al., 2001; Ross and Sharples, 2008). However, given the observations here are
169
taken during the onset of stratification, rather than late summer when stratification would
most likely be further advanced as is the case for the Sharples et al. (2001) study, it is
unlikely that this pattern is typical for Western English Channel across seasons (Groom
et al., 2009).
The advantages of multi-cast sampling above point measurements are considerable
when attempting to improve estimates of the distribution of SPM populations, not least
when surveying phytoplankton. There is great importance placed on accurate assessments
of this population in informing models related to the transfer of carbon across the air-sea
interface. As shown here, sampling the water column at one point during a given tidal
cycle could lead to substantial over or under-estimates of the number of particles. Whilst
the assumption may be that long-term means of population density will account for these
short-term fluctuations, if the degree to which this variability is present is unknown, then
the margin of error associated with such measurement strategies may need to be revised.
It becomes important, then, to ensure that a suite of techniques are available when
investigating SPM dynamics in the shallow shelf environment. Obvious limitations of
the holocam are that an image is not always able to identify a precise species, or that the
camera resolution is insufficient to give detail on the size range of interest. The advantages
of the non-destructive nature of operation, though, are such that it is a valuable part of the
marine researchers armoury, and perhaps in conjunction with traditional water sampling
will offer a more complete insight into the role played by SPM of all types.
The reduction in phytoplankton during the week 3 survey may be attributed to a com-
bination of enhanced vertical mixing and the change in the ratio of both the zooplankton
and non-plankton populations. The Phytoplankton population remains broadly consistent
throughout the survey, ranging between 500 and 1000 L−1. Given the lack of a similar
discrepancy between the events as seen in week 1, advective forces are less likely to be
responsible for the reduction. The increase in turbulence, coupled with the reduction in
stratification, may be attributable. For example, the region of turbulence that extends to
the near-surface around event 1 may be having the effect of reducing the size of diatom
chains below the threshold for which they would be identified in the holocam images. A
recent laboratory study by Cozar and Echevarria (2005) demonstrated the potential for
colonies of Skeletonema spp., the dominant species of phytoplankter present at L4, to
break under moderate levels of turbulence similar to the observations of this work. If
this effect is occurring, then the smaller pieces of plankton may then more readily com-
bine with the planula and/or the increased volume of material resuspended from the bed,
170
further reducing their number as they are then reclassified as belonging to a different
population.
7.3.1.2 Zooplankton
The differences between the number of zooplankton particles observed in comparison to
both the long term average and net trawls conducted across the same period, is largely a
result of the inability of the nets to accurately record gelatinous planula. Concerns over the
under-representation of WP-2 nets have been previously raised a number of times in the
past (Henroth, 1987; Hopcroft et al., 1998), and more recently by Gallienne and Robins
(2001), Remsen et al. (2004) and Riccardi (2010). Frequently, these concerns are largely
related to the potential for the population of smaller organisms to be under-resolved by
using nets. However, with the results presented here it would seem that the problem is not
restricted to smaller size classes alone, but throughout a range of sizes, and also by the
fact that the counts are only concerned with those particles that are greater than 200µm.
Possible causes preventing nets from adequately sampling zooplankton populations range
from avoidance, clogging and destruction of individual organisms. Each of these is some-
what difficult to quantify, though nonetheless seem reasonable in light of the evidence
produced here. If the true population of zooplankton is substantially underestimated, then
current ecosystem models that rely upon the accuracy of such data will need to take this
uncertainty into account.
The WP-2 nets do not capture a single planula larvae throughout this period. The
short-term temporal variability of the zooplankton is considerable, however, and there
remains the possibility that at the point in time that the sampling occurred that few, or
perhaps none at all were present. What is perhaps more likely, is that the gelatinous
nature of the particles themselves has led to their destruction upon capture by the net, and
has been previously noted in similar studies using the same sampling methods (Halliday
et al., 2001; Warren et al., 2001).
Alternative mechanisms for capturing and counting zooplankton have been in use for
some time, with the principal device being the optical plankton counter (OPC), used
largely in conjunction with the more traditional plankton nets (Herman, 1992; Herman
et al., 2004). Working by passing the zooplankton particles through a sample volume, the
OPC is a tool capable of sorting zooplankton into size distributions, the peaks of which are
then related to separate taxa. Problems with an early version of the instrument came from
overloading the sample volume with large numbers of smaller particles, which would end
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up clogging the instrument, rendering the subsequent data unreliable. A newer version
utilising laser technology still suffers from this issue, though is able to work in conditions
that contain a much greater particle density (Herman et al., 2004). Close agreement was
demonstrated between zooplankton counts obtained by net, though as is shown here, nets
may severely underestimate the number of particles present at a given location. A recent
attempt to resolve the OPC-clogging issue was undertaken by Moore and Suthers (2006),
utilising the laboratory version of the instrument by supplying it with water samples ob-
tained from an estuary. Large errors in the measurements as a result of the clogging by
smaller particles were discovered, casting some doubt upon the efficacy of the OPC as a
versatile substitute for traditional methods in all conditions. It would seem that for in situ
measurements, imaging of the particles is the only reliable method available to ensure that
particles are accurately surveyed and not destroyed during the process of collection.
7.3.2 Particle variability in the summer and autumn surveys
The importance of stratification to the existence of planktonic species is well documented,
with both the timing of the onset of stratification (Sharples et al., 2006), and also when
it becomes established in later months, particularly with respect to continued growth,
and access to a favourable light and nutrient climate (Cianelli et al., 2009). As is shown
throughout this thesis, stratification is variable at L4, placing a degree of stress upon each
of the organisms through periodic adjustment and/or erosion of the thermocline (Ross
and Sharples, 2008). Evidence of the establishment of stronger stratification is shown in
Figure 6.10 for week 4, albeit subsequently undergoing partial erosion observed in the
following week. In a likely response to the enhanced opportunity for access to nutrients,
the concurrent streak of increased fluorescence at the same position of the thermocline
indicates that species of phytoplankton are present, as has been observed frequently in
other shelf sea locations (Sharples et al., 2001).
Throughout the tidal cycle in week 4, the fluorescence signal displays some asymme-
try and appears to encompass a wider region of the water column toward the latter part
of the survey than at the beginning. This is matched by an equivalent rise in the num-
ber of phytoplankton at the same point (Figure 6.14). For many of the depth intervals,
the difference between the two events is striking, as the counts are often a factor of two,
and sometimes three greater than the earlier part of the survey. For the following week
5, albeit only half a tidal cycle, the counts are more homogeneous and the disparity is
not present. During week 1, the similar difference was attributed to advection, whereby a
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larger population was brought into the sampling field by variable current flow in the upper
part of the water column, as observed in similar locations (e.g. Hill et al., 2005).
The short term variability in plankton populations is demonstrated by the contrast
between the surveys of week 4 and 5. Near the surface, numbers of phytoplankton are
similar between the spring and neap tidal cycles, but very quickly the number of phy-
toplankton falls as depth increases, again in line with the signal of fluorescence and the
expectation from the greater amount of mixing experienced from the previous week. The
ratio of non-plankton to plankton also emphasises this pattern. Plankton variability across
spring-neap cycles in shelf seas has been demonstrated previously (Domingues et al.,
2010), further emphasising the need for more frequent sampling to take this into account.
The week 6 survey in autumn demonstrated that the water column was still strati-
fied, and also that the stronger fluorescence signal corresponded to the position of the
thermocline (Figure 6.12). The onset of poor weather gave an opportunity to assess the
response of the biological particles to enhanced turbulence from the surface. Predictably,
the phytoplankton population peaks during the earlier part of the survey were dispersed,
encompassing a wider range of depth intervals which had the effect of decreasing the
number of large phytoplankton observed overall. Periodic erosion of the thermocline has
been observed across spring and neap cycles with respect to the enhanced tidally-induced
turbulence displacing the thermocline upwards (Sharples, 2008). However, few, if any
studies have captured the partial erosion of stratification during a tidal cycle, and also
been able to comment on the subsequent scattering of the resident particles in response.
The distribution of phytoplankton has been substantially altered by the enhanced me-
teorological forcing, which has likely advected a separate water mass into the sampling
window. The stronger wind has also increased the level of turbulence at this time, so
much so that the depth averaged values for the counts have been reduced by half. The
possibility also remains that cell destruction is occurring, or more probably a reduction
in chain size, as indicated above for the week 3 survey. Work in preparation by the Uni-
versity of Rhode Island (URI) specifically looking at the passage of storm events and the
impact that this may have on phytoplankton communities, shows similar activity to the
week 6 survey. The URI work targets long, chain-forming phytoplankters and displays a
marked reduction in particle size, coupled with subsequent large numbers of dead cells
in the days following (Donaghay et al., n.d.). Cell mortality cannot be confirmed in the
absence of water samples, though the reduction in size below the identification threshold
coupled with the change in composition of the large particles suggested by the ratio in
173
Figure 6.21 is perhaps more likely.
When examining the changes to zooplankton populations, there are notable differ-
ences displayed between the seasons, largely in response to the absence of the jellyfish
planula. For both surveys in the summer, the count at no time exceeds 50 L−1, consider-
ably lower than the counts observed in spring. In line with the reduction in phytoplankton
during summer months, however, this is perhaps expected and has been shown to occur
several times previously (e.g. Coyle and Pinchuk, 2005; Eloire et al., 2010). Once more,
there is no agreement between the results of the holocam and those of the net counts,
although the discrepancy is not as wide as for the earlier surveys. The long term average
(around 3.5 L−1) is also supportive of the general trend for the number of zooplankton
species to be reduced during this time of year.
Broadly similar numbers of zooplankton were observed during the week 6 survey, al-
though as with the phytoplankton, the increase in turbulence appears to have dispersed
this population considerably when viewing the numbers present in event 3 (Figure 6.17).
Locomotion offers a clear advantage to zooplankton and dinoflagellates over the more
passive phytoplankton, in that they may be able to relocate to more favourable regions of
the water column following displacement by turbulence (Maar et al., 2003). During the
most intensive turbulence, however, there are few, if any, zooplankton present. Spatial
patterns of zooplankton are in part modified by turbulence, in addition to their swimming
behaviour, which itself is changed in response to the relative strength of the turbulent
regime (Visser and Thygesen, 2003). Additionally, Maar et al. (2003) demonstrates that
a negative correlation exists between the ability of zooplankton to form patches of in-
creased density and the extent of turbulence. In essence, there is a critical point beyond
which swimming speeds are insufficient for an organism to maintain their position, and
are effectively transported with the flow in the same way as phytoplankton. Furthermore,
it is energetically expensive for an organism to swim against turbulent flow in order to
maintain position, and despite the potential to offer enhanced opportunities for predation,
it appears that within episodes of enhanced turbulence zooplankton may prefer to simply
sink and wait until the conditions change (Visser et al., 2009).
Given the complete absence of zooplankton during event 3 in the lower part of the
water column, where tidal forcing also increased the level of turbulent flow, it would
seem that at this particular point there was no opportunity for the organisms to hide. In
the same way as for the phytoplankton population, turbulence has been recently shown
to increase mortality of zooplankton. An experiment by Bickel et al. (2011) using artifi-
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cially induced turbulence was designed to look at the influence of increased boat traffic
as a potential cause for mortality. However, the level of turbulence generated was several
orders of magnitude greater than that observed during week 6, thus making the absence
of zooplankton as a result of their mortality unlikely. In addition, zooplankton particles
would presumably still be observed within the images, and, with no mechanism to estab-
lish whether the particles are dead or alive, invoking mortality as a potential explanation
is not possible without concurrent water samples. A simpler, and perhaps more reason-
able explanation is that the zooplankton population has been advected out of the sampling
field.
With respect to the comparison of the net counts, once more the holocam observes
considerably more zooplankton. The WP-2 count of 3.8 L−1 is close to the long term av-
erage, yet far below the observations of the holocam of 13.8 L−1. Future work will clearly
be required to explore this discrepancy further. Whilst doubts continue to be expressed
over the traditional method of assessing plankton, when referring to the images supplied
by the holocam the pattern of far greater numbers being present than previously thought
needs to be immediately taken into account. Underestimating zooplankton will inevitably
result in increased errors surrounding the impact of predation on phytoplankton popula-
tions in ecosystem models, which rely heavily upon the data provided by the long term
average. Though the holocam, and the technique of holographic imaging itself, should
not be considered the panacea for every investigation concerning suspended particles in
the marine environment, the flexibility and accuracy of the instrument demonstrated here
is encouraging. When used in conjunction with existing techniques, deployment of the
holocam will likely yield a wealth of new information on the SPM environment, consid-
erably advancing the field above and beyond that which has been shown in this work.
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Chapter 8
Conclusions and Further Work
Turbulence in the marine environment is critical to the fate of suspended particles of all
types. Previously, studies have been restricted to focusing on a single population of parti-
cle, typically in response to tidal- or wave-driven resuspension of matter from the seabed.
The past decade has seen advances in instrumentation designed to generate new informa-
tion on suspended marine particles, and when used in conjunction with other instruments
capable of measuring turbulence, much progress on the relationship between the two prop-
erties has been made. Examples include the LISST, a device capable of resolving particle
statistics in a range of environments that has rapidly become an industry standard when
examining mineral grains, flocs and muddy silts. For biological particles, devices such as
the OPC have began to cast some doubt on the validity of utilising traditional methods to
enumerate zooplankton, yet also come with limitations and the potential to mask the true
number of particles. The introduction of holographic imaging has allowed this aspect of
research to advance markedly. The technique of manual identification allows for a greater
amount of confidence when examining the response of particles to the dynamic region in
which they reside.
The structure of this final Chapter will begin by summarising the main findings of this
work, as well as the potential implications for future users of the WCO, and perhaps 1-D
observatories globally. The Chapter concludes by proposing the necessary work required
to follow up on the results of this thesis.
8.1 Research findings
At present, a range of parameters are collected from the L4 station by either the auto-
mated L4 buoy or weekly via research vessel. Both mechanisms are point measurements,
yielding useful but limited data as no appreciation is given for how the biological and
chemical samples of choice interact with physical forcing. As has been identified by the
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present study, temporal variability exists with respect to the evolution of stratification and
the development of the seasonal pycnocline. In the event that data from this 1-D moored
observatory is utilised in investigations of shorter weekly or intra-seasonal activities, the
continuing measurement programme will need to address this as an ongoing concern.
The campaigns undertaken for this research were the most comprehensive physical
investigation into the mechanics of L4 to date. That L4 is regarded to be weakly-stratified
is well understood, but the degree to which the presence of stratification might alter the
vertical structure of current flow was previously unknown. The process whereby the water
column moves from mixed to stratified during spring has been demonstrated to be com-
plex and delayed by inter-tidal variability. The influence of freshwater run-off remains
something of an unknown, although it has been shown previously through the long term
time series that river outflow does contribute to the salinity structure here. Parcels of water
that vary in temperature and salinity are likely to be responsible for altering the density
of the water column through advection. The lowered salinity of week 1 is a potential
example of this, though in the absence of any meaningful rain in the weeks leading to
that campaign, it is unlikely to have been the river run-off providing the source. Rather,
advection of a source away from the L4 region and Plymouth Sound is favoured.The sub-
sequent influence on suspended particles is clear, and the degree to which such changes
occur at L4 must now be considered as frequent. How biological particles, for example,
respond to such rapid changes in their environment is worthy of further examination.
SPM, both biological and non-biological in origin have been investigated here and
shown to offer considerable variability across the tidal cycle and season. The demon-
strated ability to reliably identify and catalogue populations of SPM in situ is unprece-
dented. The technological advances offered by the holocam allows for accurate informa-
tion on SPM populations within the shallow shelf and coastal sea environment, potentially
supplying critical improvements to the validation and performance of ecosystem models.
The ability to separate particles into discrete populations is a considerable advantage over
traditional techniques and instrumentation that are otherwise unable to determine the pre-
cise nature of the particle being measured. On the other hand, generating such reliability
in terms of accurate particle identification is logistically demanding. It is incumbent upon
the individual researcher to manually process each image, separately tagging and locat-
ing each particle of interest. This also places a good deal of responsibility on the user
to ensure that the particles are being correctly identified. Fortunately, in the case of L4,
there is little opportunity to mistake chain-forming phytoplankters (the overwhelmingly
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dominant suspended particle here) with flocs or zooplankton. This environment has a
relatively low particle concentration, and this will not be the case for all environments
in which the holocam is required to operate. The time taken for a similar exercise to be
conducted within an energetic estuarine environment, complete with a high concentration
of inorganic material, is likely to be large so thought must be given as to the best means
by which this this technique would be utilised. In such cases, by using a reduced sample
volume a similar number of particles would be imaged, effectively offsetting any increase
in concentration.
New detail into the mechanics of resuspension events at L4 was provided, focusing
on the relationship between tidally-induced bed stress and the corresponding turbulence.
The extent to which particles were lifted from the bed under relatively low levels of bed
stress indicated that the critical erosion thresholds observed in similar locations within
the North Sea were much higher than for L4. In almost all cases, the images displayed
that mineral grains formed part of the resuspended material in addition to flocs and other
matter. The variable nature of stratification also had an impact on resuspension, dictating
the height above the bed that material was allowed to progress. Once more, to track the
extent that large particles were directly influenced by turbulence during resuspension is
novel, and only possible with the concurrent use of the MSS and holocam.
The influence of biological particles on resuspension was best illustrated by the sea-
sonal comparison. During the initial campaigns, when large numbers of gelatinous par-
ticles were present, there was a marked difference in the number of particles entrained
into the water column during resuspension events. In addition, for the first time it was
possible to analyse whether the theoretical upper limit of flocculated particle growth, the
Kolmogorov length scale, held in all circumstances. There were many examples of parti-
cles that exceeded this threshold in the April 2010 surveys, but almost no examples during
the remaining campaigns in summer and autumn. The contention from this is that the abil-
ity for particles to grow larger than than lk depends less on the level of local turbulence,
although clearly this is important, and more on the nature of the total particle population.
Given that this is the first use of the holocam to investigate the potential for particles to
exceed this limit on size, it is not possible to determine whether previous studies could
have discovered a similar relationship. The ability to conduct intensive studies of particles
in situ will no doubt result in many more examples of situations where particles grow to
sizes in excess of lk.
With hindsight, the lack of concurrent water samples was a disappointment and is con-
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sidered a missed opportunity. The demands of the intensive sampling programme ensured
that a limited amount of time was available for the deployment of each instrument. Fur-
ther limitations of this work stem from the separate net trawls and the zooplankton counts
from the holocam. However, the agreement between the nets and the long term average
indicates that the comparison is valid. If so, the underestimate from the traditional sam-
pling method is concerning, though it is clear that this has been suspected for some time.
Simultaneous net trawls and water samples would have been of further assistance during
week 6, during the increased mixing. The lower numbers of phyto- and zooplankton were
attributed to a reduction in size or mortality, and advection. While each remain a distinct
possibility, conclusive evidence may have been provided had these other techniques been
employed.
In summary, the principal findings of this research may be given as follows:
• Confirmation that L4 is weakly stratified is given, and that the formation of the
seasonal thermocline is substantially altered by the spring-neap cycle
• Stratification is variable and prone to periodic and near-complete erosion from at-
mospheric forcing during any point in any season
• L4 undergoes moderate turbulent dissipation, principally as a result of tidal forcing.
Typically, values of ε do not exceed 10−4 W kg−1
• L4 exhibits tidal asymmetry, chiefly in response to stratification
• Stratification at L4, albeit weak, is frequently able to suppress turbulence when
generated from the sea bed
• The potential energy anomaly is small at L4, as expected for a weakly-stratified
environment. Maximum values in summer were shown to not exceed 50 J m−3
• Values of bed stress, τ0, are rarely greater than around 0.18 N m−2. Nonetheless, the
critical erosion threshold falls below this, and is therefore smaller than that observed
in similar locations around the UK
• Seasonality in the amount of material resuspended from the seabed is important at
L4. The presence of certain biological particles strongly influence particle size and
may also determine if a given particle is lifted from the bed
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• Particles ≥ 200µm are relatively rare, the site is dominated by particles smaller
than this value in line with many other UK sites
• Under certain conditions, the theoretical maximum limit of particle size, the Kol-
mogorov length scale, does not hold
• Maximum particle size appears to be governed less by the size of the local turbulent
eddies and more by the presence of biological particles. This is another key seasonal
component to particle dynamics at this location
• The ratio of non-plankton to plankton particles is a useful metric determining par-
ticle interaction and changes to composition. Typically, this ratio will be 1, indi-
cating that plankton populations are the most abundant particle type at L4
• Phytoplankton populations are readily advected into and out of the L4 site, calling
into question the current sampling strategy of the WCO to rely exclusively upon
point measurements
• Phytoplankton populations are found to be dominated by chain-forming diatoms,
namely Skeletonema spp.
• Small increases in atmospheric forcing have the ability to rapidly disperse patches
of phytoplankton, reducing particle size, possibly to the point of cell mortality
• Traditional sampling techniques for assessing zooplankton density have been shown
to radically underestimate the number of animals present at L4, which will increase
error estimates on current ecosystem models
8.2 Further work
The research presented here demonstrates that L4 is a spatially and temporally complex
environment, certainly more so than has been considered previously. This complexity
impacts upon the resident particles, ensuring a changeable picture from week to week
increasing the difficulty with which accurate representation of suspended particles in this
location is achieved. As with any study of the marine realm, this work has limitations
which future work at L4 may seek to overcome.
Regarding the surveys themselves, it was frustrating that several were either cancelled
or prematurely curtailed by poor weather. Restrictions of time for this research ensured
that further campaigns were not possible, it was a case of working with the data acquired
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from the surveys that were successful. It is acknowledged that weekly measurements of
the type conducted here are unlikely. However, much information can be obtained from
regular deployments of bed-mounted ADCPs and frequent sampling with the Minibat.
Both of these options require little effort, particularly with respect to the Minibat that
could simply be included in the weekly programme. Continual measurements of the
physical realm will doubtless inform the range of ecosystem models that are currently
being developed from the WCO data, which will also help to shape our understanding of
the temperate shelf regime globally. The current practice of measurements that underpin
the work of the WCO insufficiently describe the physical regime, and many of these
techniques and measurements should be repeated in order to better understand temporal
variability at L4. Logistically this will be demanding, being expensive in time and finance.
These results suggest the particle environment at L4 has previously been under-resolved.
Holographic imaging is a relatively new technology, and the conclusive data it offers with
respect to in situ sampling has not been previously observed. It is acknowledged that
the use of the holocam ensures some effort will be required in terms of resource alloca-
tion and data processing. The application of grid computing can be utilised to rapidly
process the raw holograms and is currently in use at Plymouth University on a regular
basis. There is some way to go before the automated reconstruction can be relied upon
in the same way as the manual counting method, though improvements are being sought
in ongoing work on the problem. This thesis has not relied heavily upon the statistics
given by the automated reconstruction, preferring to simply locate and identify particles
from the in-focus, reconstructed image. In this way there is little uncertainty surrounding
the conclusions drawn. It is this technique which the author advocates more strongly at
this stage, providing one has confidence in the user correctly identifying particles, and the
environment under study is suitable for conducting a similar exercise.
The manual count has provided strong evidence for the need to conduct further work
in the area of zooplankton identification and enumeration. With some urgency, it will
be necessary to undertake concurrent measurements with WP-2 nets and the holocam.
The potential underestimate of the zooplankton population is alarming and needs to be
quantified. With respect to phytoplankton, the mechanism used to count these particles is
not readily transferred to existing studies, which typically prefer to use a cell count. There
is the possibility that individual cells can be counted using the reconstructed images in the
same way as for entire colonies of diatom chains. This is, however, likely to be a very
time-consuming task and would need to be given much thought. A potential solution
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would be concurrent water sampling, with the traditional method of enumerating cells
married to the manual counts, which may provide some indication of the extent to which
the two techniques are in agreement.
Establishing the frequency with which non-planktonic particles are able to grow in
the presence of increased turbulence is important. This work indicates that this is strongly
linked to the presence of certain types of biological particle, which implies this phe-
nomenon is seasonal in nature. This would also necessitate additional collaborative ef-
forts with the biological community to greater understand the life cycle of planula-like
particles. Little appears to be currently understood concerning the time taken for such
particles to sink through the water column and settle on the seabed, and following this
what quantity of gelatinous material is left on the bed as a result. With respect to further
quantification of the importance of the role played by biological particles on resuspension
and lk, further experiments in idealised environments could be explored. Gelatinous ma-
terial could be collected, or cultered, and allowed to settle in enclosed tanks filled with
material that is similar to the known bed-type at L4. Mechanically-induced turbulence
could then be introduced to the system. Although artificially-induced turbulence may not
adequately represent the natural environment, this would allow for a closer examination
of the degree to which biology will influence SPM transport and floc size.
The requirement for inter-disciplinary studies to increase in number at L4, and per-
haps in general at all 1-D coastal observatories, is clear. This thesis has shown that sim-
plistic assumptions regarding the physical or particulate realm, currently employed by
many users of the WCO data and beyond, have insufficiently described the relationship
between suspended particles and their dynamic environment. Future work at this site and
other similar locations globally will need to be equally well resolved. This is particu-
larly important when identifying the extent to which the presence of temporal variability
will impact upon current estimates of the distribution of SPM, and by what margin the
difficulty of inter-year comparisons will increase as a result.
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.1 Appendix
Greater detail is given here on the MSS, including detail on the fit to the universal Nas-
myth spectrum which is a necessary component of the estimate of turbulent dissipation.
An overview of the use of the software package MSSpro is also included. Alternative
options to process raw data from the MSS using MATLAB were briefly explored before
being rejected in favour of MSSpro, given that the software offers a swift and proven op-
tion to rapidly determine estimates of all the recorded parameters from each of the many
sensors contained on the instrument. Operation of the software is conducted through the
use of batch processing, whereby a systematic application of equations and algorithms
allow the user to generate an entire dataset following deployment.
As per the overview given in Chapter three, the estimation of ε is performed in a
step-wise fashion, firstly deriving the velocity shear (∂u/∂z), by using
∂u
∂z
=
1
2
√
2ρGSV 2
(∂U/∂t). (A1)
Here U is the sensor output voltage (Volts), G the gain of the electronic sensor, S the
shear probe sensitivity (V ms2 kg-1), ρ the density of seawater (kg m-3) and V the profiler
velocity (m s-1).
The data is passed through the software twice, with the first run treating the raw shear
data, which derives a host of calculated parameters illustrated by Table A1. The raw
signal is first exported from the data acquisition software, utilised when deploying the
instrument, into a format that can be read by MSSpro. Further manual treating of the
data is required, in that noise is removed from the signal following the moment when
the instrument strikes the seabed. Once more, a component of the MSSpro software is
utilised for this task. Locating the point where the instrument makes contact with the
bed is trivial, though somewhat labour-intensive as every profile must be treated in the
same way. The calculation of physical shear is then passed through the software once
more, applying the individual algorithms, or modules, as a single, batch of processing
functions. This second pass comprises many of these functions, and the software allows
for the calculation of many parameters associated turbulence. Scalar properties such as
the measured temperature and salinity are treated in the same way (that is, these signals
are also subjected to the same smoothing and averaging of the signal). The functions
associated with the second pass are displayed in Table A2.
As shown in Table A2, the ‘dis nas’ function calculates the fit of the physical shear
signal to the universal Nasmyth spectrum as part of the automatic processing of the raw
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Table (A1). Illustration of the use of MSSpro software to process the signal from the MSS
shear probes. This step details the calculation used to calculate the physical shear s−1
Processing
Order
Module
Name
Description
1 dev chk Uses standard deviation to reject outlier values that exceed a user-
defined threshold. Rejected values are replaced by an interpolated value
2 move av Uses a running average to smooth the input files across a given number
of data lines
3 extract Used here to remove data lines from the input file. Nominally applied
to the pressure sensor
4 addtime Time adjustment depending upon the sampling rate
5 shear c Calculation of the horizontal velocity shear from pressure and time
6 com sens Module that allows for mathematical operations to be applied to sensors
of choice
7 delsens Administrative ‘tidy-up’ module that deletes sensors that are no longer
required for any calculation or processing
8 detrendn Module removes long-term trends and emphasises short-term changes,
thus takes into account sensor drift
9 butworth Application of Butterworth filtering
data. The PNS shear probes used on the MSS-90 show a close fit broadly in the 6-20 cpm
wavenumber range, as displayed by Figure A1 selected from an example generated by the
Spectrum utility of the MSSpro software. This image is a representation of the spectrum
utility interface, whereby the fit is shown in the central panel of the image by the thin red
and blue lines. Departure from the universal spectrum begins at around 30 cpm in this
example.
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Table (A2). Illustration of the use of MSSpro software to process the signal from the MSS
shear probes. This step details the calculation to derive the estimate of turbulent dissipation,
ε, in units of W kg−1 and a host of other parameters from the various sensors on the MSS-90
instrument
Processing
Order
Module
Name
Description
1 response Correction of the ‘time response’ of a given sensor. Used in this batch
to offer a corrected temperature, though a number of sensors are able to
be treated simultaneously
2 dis nas Calculation of ε by automatic fitting to the Nasmyth spectrum
3 press av Averaging of sensor and time across a given depth interval
4 smooth Simple averaging module calculating the mean of two sensors. Checks
for spikes in the data, eliminating noise that may have resulted from
collisions with particles
5 log10 Calculates the log to base 10 to any number of sensors specified by the
user
6 dev chk Uses standard deviation to reject outlier values that exceed a user-
defined threshold. Rejected values are replaced by an interpolated value
7 salinity Calculates salinity using UNESCO PSS-78 using the output of response
module
8 sigma t Calculates density based on in-situ temperature and salinity. Uses at-
mospheric pressure
9 dev chk Uses standard deviation to reject outlier values that exceed a user-
defined threshold. Rejected values are replaced by an interpolated value
10 thorpe Calculation of the Thorpe scale (i.e. turbulent mixing as derived from
the rms of measured displacement of fluid particles by turbulence)
11 press av See above. Applied again here to generate a ‘new’ sensor called th-
sigma derived from the output of thorpe module
12 merge Allows for the merging together of a number of output files into one
single output file. Up to this point, a number have been created
13 bvfd Calculation of the squared buoyancy frequency
14 com sens Module that allows for mathematical operations to be applied to sensors
of choice
15 move av Uses a running average to smooth the input files across a given number
of data lines
16 gradient Calculation of gradient for given sensor
17 detrendp Module removes long-term trends and emphasises short-term changes,
thus takes into account sensor drift. detrendp differs by subtracting the
linear trend across a pressure interval (rather than by number of data
points
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